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(57) ABSTRACT

A connection portion connecting a center electrode and a
terminal metal fixture together in a through hole of the
insulator includes a resistor and a magnetic substance struc-
ture including a magnetic substance and a conductor and
being disposed on a leading end side or a rear end side of the
resistor while being positioned away from the resistor. The
connection portion further includes a first conductive sealing
portion, a second conductive sealing portion and a third
conductive sealing portion. The first conductive sealing

portion 1s disposed on a leading end side of a first member

HOIT 13/05 (2006.01) and 1s 1n contact therewith. The second conductive sealing
HOIT 13/41 (2006.01) portion 1s disposed between the first member and a second
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member and 1s 1n contact with the first and second members.
The third conductive sealing portion 1s disposed on a rear
end side of the second member and 1s 1n contact therewith.
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1
SPARK PLUG

RELATED APPLICATIONS

This application 1s a National Stage of International
Application No. PCT/JP2014/084393 filed Dec. 25, 2014,

which claims the benefit of Japanese Patent Application No.
2013-266957, filed Dec. 23, 2013.

FIELD OF THE INVENTION

The present mvention relates to a spark plug.

BACKGROUND OF THE INVENTION

Conventionally, a spark plug has been used 1n an internal
combustion engine. Technology, by which a resistor 1is
provided 1n a through hole of an 1nsulator so as to suppress
occurrence of electromagnetic noise induced by 1gnition, has
been proposed. Technology, by which a magnetic substance
1s provided in the through hole of the isulator, has also been
proposed.

The fact 1s that enough study regarding the suppression of
clectromagnetic noise by both the resistor and the magnetic
substance has not been made.

This disclosure discloses technology by which the occur-
rence ol electromagnetic noise can be suppressed by a
resistor and a magnetic substance.

SUMMARY OF THE INVENTION

This disclosure discloses the {following application

examples and the like.

APPLICATION EXAMPLE 1

In accordance with a first aspect of the present invention,
there 1s provided a spark plug comprising:

an insulator having a through hole extending 1n a direction
of an axial line;

a center electrode, at least a part of which 1s inserted into
a leading end side of the through hole;

a terminal metal fixture, at least a part of which 1s mserted
into a rear end side of the through hole; and

a connection portion connecting the center electrode and
the terminal metal fixture together in the through hole,

wherein the connection portion includes:

a resistor; and

a magnetic substance structure including a magnetic sub-
stance and a conductor and being disposed on a leading end
side or a rear end side of the resistor while being positioned
away from the resistor,

wherein, among the resistor and the magnetic substance
structure, when a member disposed on a leading end side 1s
defined as a first member and a member disposed on a rear
end side 1s defined as a second member, the connection
portion further includes:

a first conductive sealing portion that 1s disposed on a
leading end side of the first member and 1s 1n contact with
the first member;

a second conductive sealing portion that 1s disposed
between the first member and the second member and 1s 1n
contact with the first member and the second member; and

a third conductive sealing portion that 1s disposed on a
rear end side of the second member and 1s 1n contact with the
second member,
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wherein the magnetic substance structure contains:

(1) a conductive substance as the conductor;

(2) an 1ron-containing oxide as the magnetic substance;
and

(3) a ceramic contaiming at least one of silicon (S1), boron
(B), and phosphorous (P), and

wherein, 1n a cross-section of the magnetic substance
structure 1ncluding the axial line, when a target region 1s
defined as a rectangular region having the axial line as a
center line, a side of 1.5 mm 1n a direction perpendicular to
the axial line, and a side of 2.0 mm 1n the direction of the
axial line,

a region of the conductive substance includes a plurality
of grain-shaped regions in the target region,

a proportion of a number of grain-shaped regions having,
a maximum grain size of 200 um or greater among the
plurality of grain-shaped regions 1s 40% or more, and

a proportion of an area of the region of the conductive
substance 1s 35% or greater and 65% or less 1n the target
region.

In this configuration, 1t 1s possible to suppress occurrence
of an electrical contact failure at both ends of the resistor and
an electrical contact failure at both ends of the magnetic
substance structure by using the first, the second, and the
third conductive sealing portions. Accordingly, 1t 1s possible
to appropriately suppress electromagnetic noise by using

both the resistor and the magnetic substance structure.
Further, 1t 1s possible to appropnately suppress noise by
adopting a specific configuration of the magnetic substance
structure.

APPLICATION EXAMPLE 2

In accordance with a second aspect of the present inven-
tion, there 1s provided a spark plug as described above,
wherein an electrical resistance between a leading end and
a rear end of the magnetic substance structure 1s less than or
equal to 3 k€2.

In this configuration, 1t 1s possible to suppress heat
generation of the magnetic substance structure. Accordingly,
it 1s possible to suppress the occurrence of a failure (for
example, alteration of the magnetic substance) induced by
heat generation of the magnetic substance structure.

APPLICATION EXAMPLE 3

In accordance with a third aspect of the present invention,
there 1s provided a spark plug as described above, wherein
the electrical resistance between the leading end and the rear
end of the magnetic substance structure 1s less than or equal
to 1 k€2.

In this configuration, 1t 1s possible to further suppress heat
generation of the magnetic substance structure. Accordingly,
it 1s possible to further suppress the occurrence of a failure
(for example, alteration of the magnetic substance) induced
by heat generation of the magnetic substance structure.

APPLICATION EXAMPLE 4

In accordance with a fourth aspect of the present mnven-
tion, there 1s provided a spark plug as described above,
wherein the conductor imncludes a conductive portion pen-
etrating through the magnetic substance in the direction of
the axial line.

In this configuration, 1t 1s possible to appropriately sup-
press electromagnetic noise while improving durability.
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APPLICATION EXAMPLE 5

In accordance with a fifth aspect of the present invention,
there 1s provided a spark plug as described above, wherein
the magnetic substance structure 1s disposed on the rear end
side of the resistor.

In this configuration, it 1s possible to appropriately sup-
press electromagnetic noise.

APPLICATION EXAMPLE 6

In accordance with a sixth aspect of the present invention,
there 1s provided a spark plug as described above, wherein
the connection portion further includes a covering portion
that covers at least a part of an outer surface of the magnetic
substance structure while being interposed between the
magnetic substance structure and the insulator.

In this configuration, 1t 1s possible to suppress direct
contact between the insulator and the magnetic substance
structure.

APPLICATION EXAMPLE 7

In accordance with a seventh aspect of the present inven-
tion, there 1s provided a spark plug as described above,
wherein the magnetic substance 1s made of a ferromagnetic
material containing an iron oxide.

In this configuration, 1t 1s possible to appropriately sup-
press electromagnetic noise.

APPLICATION EXAMPLE 8

In accordance with an eighth aspect of the present inven-
tion, there 1s provided a spark plug as described above,
wherein the ferromagnetic material 1s a spinel type ferrite.

In this configuration, it 1s possible to easily suppress
clectromagnetic noise.

APPLICATION EXAMPLE 9

In accordance with a ninth aspect of the present invention,
there 1s provided a spark plug as described above, wherein
the magnetic substance 1s a NiZn ferrite or a MnZn {ferrite.

In this configuration, it 1s possible to appropriately sup-
press electromagnetic noise.

APPLICATION EXAMPL.

(L]

10

In accordance with a tenth aspect of the present invention,
there 1s provided a spark plug as described above, wherein
the conductive substance contains a perovskite type oxide
which 1s represented by general formula ABO, and an A site
in the general formula 1s at least one of La, Nd, Pr, Yb, and
Y.

In this configuration, 1t 1s possible to further appropriately

suppress electromagnetic noise.

APPLICATION EXAMPLE 11

In accordance with an eleventh aspect of the present
invention, there 1s provided a spark plug as described above,
wherein the conductive substance contains at least one metal
of Ag, Cu, N1, Sn, Fe, and Cr.

In this configuration, 1t 1s possible to further appropriately
suppress electromagnetic noise.

APPLICATION EXAMPL.

12

(Ll

In accordance with a twellth aspect of the present inven-
tion, there 1s provided a spark plug as described above,
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wherein, in the target region in the cross-section of the
magnetic substance structure, a porosity of a remainder of
the target region other than the region of the conductive
substance 1s less than or equal to 5%.

In this configuration, 1t 1s possible to improve durability
of the magnetic substance structure.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 15 a cross-sectional view of a spark plug 100 in a
first embodiment.

FIG. 2 1s a cross-sectional view of a spark plug 1005 1n
a second embodiment.

FIG. 3 15 a cross-sectional view of a spark plug 100c 1n a
reference example.

FIG. 4 1s a cross-sectional view of a spark plug 1004 1n
a third embodiment.

FIG. 5 shows views illustrating a magnetic substance
structure 2004,

(L]

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

A. First Embodiment
A-1. Configuration of Spark Plug

FIG. 1 1s a cross-sectional view of a spark plug 100 in a
first embodiment. An 1illustrated line CL 1s a center axis of
the spark plug 100. The 1llustrated cross-section 1s a cross-
section 1ncluding the center axis CL. Heremnafter, the center
axis CL may be referred to as an “axial line CL”, and a
direction parallel with the center axis CL may be referred to
as a “direction of the axial line CL”, or simply as an “axial
direction”. A radial direction of a circle centered around the
center axis CL may be simply referred to as a “radial
direction”, and a circumierential direction of the circle
centered around the center axis CL may be referred to as a
“circumierential direction”. In FIG. 1, among the directions
parallel with the center axis CL, a downward direction may
be referred to as a leading end direction D1, and an upward
direction may be referred to as a rear end direction D2. The
leading end direction D1 1s a direction running from a
terminal metal fixture 40 (to be described later) toward

clectrodes 20 and 30. In FIG. 1, the leading end direction D1

side 1s referred to as the leading end side of the spark plug
100, and the rear end direction D2 side 1s referred to as the
rear end side of the spark plug 100.

The spark plug 100 includes an insulator 10 (may be
referred to as a “ceramic msulator 10”); the center electrode
20; the ground electrode 30; the terminal metal fixture 40; a
metal shell 50; a first conductive sealing portion 60; a
resistor 70; a second conductive sealing portion 75; a
magnetic substance structure 200; a covering portion 290; a
third conductive sealing portion 80; a leading end side
packing 8; talc 9; a first rear end-side packing 6; and a
second rear end-side packing 7.

The sulator 10 1s a substantially tubular member which
extends along the center axis CL and has a through hole 12
(may be referred to as an “axial hole 12”) penetrating
through the imnsulator 10. The msulator 10 1s made of alumina
by firing (another isulating material may also be adopted).
The msulator 10 includes a leg portion 13; a first reduced
outer diameter portion 135; a leading end side trunk portion
17; a flanged portion 19; a second reduced outer diameter
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portion 11; and a rear end-side trunk portion 18, which line
up sequentially from the leading end side toward the rear end
side.

The flanged portion 19 1s a portion of the isulator 10
which has the maximum outer diameter. An outer diameter
of the first reduced outer diameter portion 15 positioned
closer to the leading end side than the flanged portion 19 1s
gradually reduced from the rear end side toward the leading
end side. A reduced inner diameter portion 16 1s formed 1n
the vicinity of the first reduced outer diameter portion 15 of
the isulator 10 (the leading end side trunk portion 17 1n the
example illustrated 1n FIG. 1), and an inner diameter of the
reduced inner diameter portion 16 1s gradually reduced from
the rear end side toward the leading end side. An outer
diameter of the second reduced outer diameter portion 11
positioned closer to the rear end side than the flanged portion
19 1s gradually reduced from the leading end side toward the
rear end side.

The center electrode 20 1s inserted 1nto a leading end side
of the through hole 12 of the insulator 10. The center
clectrode 20 1s a bar-shaped member which extends along
the center axis CL. The center electrode 20 includes an
clectrode base member 21 and a core member 22 embedded
in the electrode base member 21. For example, the electrode
base member 21 1s made of Inconel (“INCONEL” 1s regis-
tered trademark) that 1s an alloy containing nickel as a main
component. The core member 22 1s made of a material (for
example, an alloy containing copper) having a coetlicient of
thermal conductivity greater than that of the electrode base
member 21.

With focus given to an outer shape of the center electrode
20, the center electrode 20 includes a leg portion 25 formed
at the end of the center electrode 20 on the leading end
direction D1 side; a flanged portion 24 provided on the rear
end side of the leg portion 25; and a head portion 23
provided on the rear end side of the flanged portion 24. The
head portion 23 and the flanged portion 24 are disposed in
the through hole 12, and the surface of the flanged portion
24 on the leading end direction D1 side 1s supported by the
reduced inner diameter portion 16 of the insulator 10. A
leading end side portion of the leg portion 25 1s positioned
on the leading end side of the insulator 10, and 1s exposed
to the outside from the through hole 12.

The terminal metal fixture 40 1s inserted 1nto the rear end
side of the through hole 12 of the insulator 10. The terminal
metal fixture 40 1s made of a conductive material (metal such
as low-carbon steel). An anti-corrosion metal layer may be
formed on the surface of the terminal metal fixture 40. For
example, a N1 layer may be formed by plating. The terminal
metal fixture 40 includes a flange portion 42; a cap 1instal-
lation portion 41 that 1s formed to a portion of the terminal
metal fixture 40 positioned closer to the rear end side than
the flanged portion 42; and a leg portion 43 that 1s formed
to a portion of the terminal metal fixture 40 positioned closer
to the leading end side than the flanged portion 42. The cap
installation portion 41 1s positioned on the rear end side of
the insulator 10, and 1s exposed to the outside from the
through hole 12. The leg portion 43 1s inserted into the
through hole 12 of the insulator 10.

The resistor 70 suppressing electrical noise 1s disposed in
the through hole 12 of the insulator 10 while being inter-
posed between the terminal metal fixture 40 and the center
clectrode 20. The resistor 70 1s made of a composite
contaiming glass particles (for example, B,0O,—S10, based
glass) as a main component, and containing ceramic par-
ticles ({or example, ZrO,) and a conductive material (for
example, carbon particles) 1n addition to the glass.
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The magnetic substance structure 200 suppressing elec-
trical noise 1s disposed 1n the through hole 12 of the insulator
10 while being interposed between the resistor 70 and the
terminal metal fixture 40. On the nght side of FIG. 1, a
perspective view of the magnetic substance structure 200
covered with the covering portion 290 and a perspective
view ol the magnetic substance structure 200 from which the
covering portion 290 i1s removed are 1llustrated. The mag-
netic substance structure 200 includes a magnetic substance
210 and a conductor 220.

The magnetic substance 210 1s a member that has a shape
ol a substantially circular column having the center axis CL
as the center. For example, the magnetic substance 210 1s
made of a ferromagnetic material containing iron oxide.
Spinel-type ferrite, hexagonal ferrite, and the like may be
adopted as the ferromagnetic material containing 1ron oxide.
Ni1Zn (nickel-zinc) ferrite, MnZn (manganese-zinc) ferrite,
CuZn (copper-zinc) ferrite, and the like may be adopted as
the spinel-type ferrite.

The conductor 220 1s a spiral coil surrounding the outer
circumierence of the magnetic substance 210. The conduc-
tor 220 1s made of a metal wire, for example, an alloy wire
material containing nickel and chromium as main compo-
nents. The conductor 220 1s wrapped around the magnetic
substance 210, and extends from the vicinity of the end of
the magnetic substance 210 on the leading end direction D1
side to the vicinity of the end of the magnetic substance 210
on the rear end direction D2 side.

The first conductive sealing portion 60 1s disposed
between the resistor 70 and the center electrode 20 in the
through hole 12 while being in contact with the resistor 70
and the center electrode 20. The second conductive sealing
portion 75 1s disposed between the resistor 70 and the
magnetic substance structure 200 while being in contact
with the resistor 70 and the magnetic substance structure
200. The third conductive sealing portion 80 i1s disposed
between the magnetic substance structure 200 and the ter-
minal metal fixture 40 while being 1n contact with the
magnetic substance structure 200 and the terminal metal
fixture 40. The sealing portions 60, 75 and 80 contain similar
glass particles as those of the resistor 70 and metal particles
(Cu, Fe, and the like).

The center electrode 20 1s electrically connected to the
terminal metal fixture 40 via the resistor 70, the magnetic
substance structure 200, and the sealing portions 60, 75, and
80. That 1s, the first conductive sealing portion 60, the
resistor 70, the second conductive sealing portion 75, the
magnetic substance structure 200, and the third conductive
sealing portion 80 form a conductive path through which the
center electrode 20 1s electrically connected to the terminal
metal fixture 40. It 1s possible to stabilize the contact
resistance between the members 20, 60, 70, 75, 200, 80 and
40 stacked on top of each other, and to stabilize the electrical
resistance value between the center electrode 20 and the
terminal metal fixture 40 by using the conductive sealing
portions 60, 75, and 80. Hereinafter, all of a plurality of
members 60, 70, 75, 200, 290 and 80, which are disposed 1n
the through hole 12 and connect the center electrode 20 and
the terminal metal fixture 40 together, may be referred to as
a “connection portion 3007,

In FIG. 1, a position 72 (may be referred to as a “rear end

position 727) of the end of the resistor 70 on the rear end
direction D2 side 1s illustrated. With respect to the through

hole 12 of the isulator 10, an mner diameter of a portion
disposed on the rear end direction D2 side of the rear end
position 72 1s shightly larger than an inner diameter of a
portion disposed on the leading end direction D1 side of the
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rear end position 72 (particularly, a portion accommodating,
the first conductive sealing portion 60 and the resistor 70).
However, both inner diameters may be the same.

The outer circumierential surface of the magnetic sub-
stance structure 200 1s covered with the covering portion
290. The covering portion 290 1s a tubular member covering
the outer circumierence of the magnetic substance structure
200. The covering portion 290 1s mterposed between an
inner circumierential surface 107 of the insulator 10 and an
outer circumierential surface of the magnetic substance
structure 200. The covering portion 290 1s made of glass (for
example, borosilicate glass). During the operation of an
internal combustion engine (not illustrated) equipped with
the spark plug 100, vibration 1s transmitted from the internal
combustion engine to the spark plug 100. The vibration may
cause a positional offset between the insulator 10 and the
magnetic substance structure 200. However, 1n the spark
plug 100 according to the first embodiment, the covering
portion 290 disposed between the insulator 10 and the
magnetic substance structure 200 absorbs vibration, and thus
the positional offset between the insulator 10 and the mag-
netic substance structure 200 can be suppressed.

The metal shell 50 1s a substantially tubular member
which extends along the center axis CL and has a through
hole 59 penetrating through the metal shell 50. The metal
shell 50 1s made of low-carbon steel (another conductive
material (for example, a metal material) may also be
adopted). An anti-corrosion metal layer may be formed on
the surface of the metal shell 50. For example, a N1 layer
may be formed by plating. The insulator 10 1s inserted into
the through hole 59 of the metal shell 50, and the metal shell
50 1s fixed to the outer circumierence of the insulator 10. The
leading end of the insulator 10 (1n the embodiment, a leading
end side portion of the leg portion 13) 1s exposed to the
outside at the leading end side of the through hole 59 of the
metal shell 50. The rear end (in the embodiment, a rear
end-side portion of the rear end-side trunk portion 18) of the
insulator 10 1s exposed to the outside on the rear end side of
the through hole 59 of the metal shell 50.

The metal shell 50 includes a trunk portion 55; a seat
portion 54; a deformed portion 58; a tool engagement
portion 51; and a crimped portion 533 which line up sequen-
tially from the leading end side toward the rear end side. The
seat portion 54 1s a flange-like portion. The trunk portion 55
positioned on the leading end direction D1 side of the seat
portion 34 has an outer diameter smaller than that of the seat
portion 54. A screw portion 52 1s formed in the outer
circumierential surface of the trunk portion 35, and 1is
screwed 1nto an attachment hole of an 1nternal combustion
engine (for example, a gasoline engine). An annular gasket
5 1s fitted into the gap between the seat portion 54 and the
screw portion 52, and 1s formed by folding a metal plate.

The metal shell 50 includes a reduced inner diameter
portion 56 disposed closer to the leading end direction D1
side than the deformed portion 58. The inner diameter of the
reduced inner diameter portion 56 1s gradually reduced from
the rear end side toward the leading end side. The leading
end side packing 8 1s interposed between the reduced 1nner
diameter portion 56 of the metal shell 50 and the first
reduced outer diameter portion 15 of the isulator 10. The
leading end side packing 8 1s a steel O-ring (another material
(for example, metal material such as copper) may also be
adopted).

The deformed portion 58 of the metal shell 50 1s deformed
in such a way that a center portion of the deformed portion
58 protrudes outward (a direction away from the center axis
CL) 1n the radial direction. The tool engagement portion 51
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1s provided on the rear end side of the deformed portion 58.
The tool engagement portion 31 1s formed to have a shape
(for example, a shape of a hexagonal column) so that a spark
plug wrench can be engaged with the tool engagement
portion 51. The crimped portion 53 1s provided on the rear
end side of the tool engagement portion 351, and has a
thickness thinner than that of the tool engagement portion
51. The crimped portion 53 1s disposed closer to the rear end
side than the second reduced outer diameter portion 11 of the
insulator 10, and forms the rear end (that is, the end on the
rear end direction D2 side) of the metal shell 50. The
crimped portion 33 1s bent imnward 1n the radial direction.

An annular space SP 1s formed between the inner circum-
terential surface of the metal shell 50 and the outer circum-
terential surface of the insulator 10, and 1s positioned on the
rear end side of the metal shell 50. In the embodiment, the
space SP 1s a space surrounded by the crimped portion 53
and the tool engagement portion 31 of the metal shell 50, and
the second reduced outer diameter portion 11 and the rear
end-side trunk portion 18 of the insulator 10. The first rear
end-side packing 6 1s disposed in the space SP on the rear
end side, and the second rear end-side packing 7 1s disposed
in the space SP on the leading end side. In the embodiment,
the rear end-side packings 6 and 7 are steel C-rings (another
material may also be adopted). The gap between the rear
end-side packings 6 and 7 in the space SP 1s filled with a
powder of talc 9.

When the spark plug 100 1s manufactured, the crimped
portion 53 1s crimped 1n such a way as to be bent inward. The
crimped portion 53 1s pressed toward the leading end
direction D1 side. Accordingly, the deformed portion 58 is
deformed, and the insulator 10 1s pressed toward the leading
end side via the packings 6 and 7 and the talc 9 in the metal
shell 50. The leading end side packing 8 1s pressed between
the first reduced outer diameter portion 15 and the reduced
inner diameter portion 56, and the gap between the metal
shell 50 and the insulator 10 1s sealed. Accordingly, the
leaking of gas 1n a combustion chamber of an internal
combustion engine to the outside through the gap between
the metal shell 50 and the isulator 10 1s suppressed. Further,
the metal shell 50 1s fixed to the 1nsulator 10.

The ground electrode 30 1s joined to the leading end (that
1s, the end on the leading end direction D1 side) of the metal
shell 50. In the embodiment, the ground electrode 30 1s a
bar-shaped electrode. The ground electrode 30 extends
toward the leading end direction D1 from the metal shell 50,
1s bent toward the center axis CL, and then reaches a leading
end portion 31. A gap g 1s formed between the leading end
portion 31 and a leading end surface 20s1 (a surface of 20s1
on the leading end direction D1 side) of the center electrode
20. The ground electrode 30 is electrically conductively
joined to the metal shell 50 (for example, by laser welding).
The ground electrode 30 includes a base member 35 forming
the surtace of the ground electrode 30, and a core portion 36
embedded 1n the base member 35. For example, the base
member 35 1s made of Inconel. The core portion 36 1s made
ol a material (for example, pure copper) having a coetlicient
of thermal conductivity higher than that of the base member
35.

As described above, 1n the first embodiment, the magnetic
substance 210 1s disposed 1n the middle of the conductive
path connecting the center electrode 20 and the terminal
metal fixture 40 together. Accordingly, 1t 1s possible to
suppress the occurrence of electromagnetic noise induced by
discharge. Further, the conductor 220 1s connected 1n series
to at least a part of the magnetic substance 210. Accordingly,
it 1s possible to suppress an increase 1n the electrical resis-
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tance between the center electrode 20 and the terminal metal
fixture 40. Further, since the conductor 220 1s a spiral coil,
it 1s possible to further suppress electromagnetic noise.

A-2. Manufacturing Method

A method of manufacturing the spark plug 100 1n the first
embodiment can be arbitrarily adopted. For example, the
following manufacturing method can be adopted. First, the
imnsulator 10, the center electrode 20, the terminal metal
fixture 40, a material powder for each of the conductive
sealing portions 60, 75 and 80, a material powder for the
resistor 70, and the magnetic substance structure 200 are
prepared. The magnetic substance structure 200 1s formed by
wrapping the conductor 220 around the magnetic substance
210 formed by a well-known method.

Subsequently, the center electrode 20 1s 1nserted into the
insulator 10 through an opening (hereinatter, referred to as
a “rear opening 14”°) of the through hole 12 on the rear end
direction D2 side. As 1illustrated in FIG. 1, the center
clectrode 20 1s supported by the reduced inner diameter
portion 16 of the insulator 10 such that the center electrode
20 1s disposed at a predetermined position in the through
hole 12.

Subsequently, the filling of the material powders for the
first conductive sealing portion 60, the resistor 70, and the
second conductive sealing portion 75 into the through hole
12 and molding of the filled powder materials are performed
in the order of the members 60, 70 and 75. The filling of the
powder materials into the through hole 12 1s performed
through the rear openming 14. The molding of the filled
powder materials 1s performed by using a bar iserted
through the rear opening 14. The material powder 1s molded
into substantially the same shape as that of the correspond-
ing member.

Subsequently, the magnetic substance structure 200 1is
inserted mto the through hole 12 through the rear opening
14, and 1s disposed on the rear end direction D2 side of the
second conductive sealing portion 75. The gap between the
magnetic substance structure 200 and the mner circumier-
ential surface 107 of the msulator 10 1s filled with material
powder for the covering portion 290. Subsequently, the
filling of material powder for the third conductive sealing
portion 80 1nto the through hole 12 1s performed through the
rear opening 14. The msulator 10 1s heated up to a prede-
termined temperature higher than the softening point of a
glass component contained 1n each of the material powders,
and the terminal metal fixture 40 1s mserted into the through
hole 12 through the rear opening 14 of the through hole 12
with the msulator 10 heated at the predetermined tempera-
ture. As a result, the material powders are compressed and
sintered such that the conductive sealing portions 60, 75 and
80, the resistor 70, and the covering portion 290 are formed.

Subsequently, the metal shell 50 1s assembled to the outer
circumierence of the msulator 10, and the ground electrode
30 1s fixed to the metal shell 50. Subsequently, the ground
clectrode 30 1s bent, and the manufacturing of a spark plug
1s complete.

B. Second Embodiment

FIG. 2 1s a cross-sectional view of a spark plug 1005 in
a second embodiment. The spark plug 1005 1s different from
the spark plug 100 1n the first embodiment only in that the
magnetic substance structure 200 1s replaced with a mag-
netic substance structure 2005. The remainder of the con-
figuration of the spark plug 10056 is the same as that of the

10

15

20

25

30

35

40

45

50

55

60

65

10

spark plug 100 in FIG. 1. The same reference signs will be
assigned to the same elements in FIG. 2 as those 1n FIG. 1,
and description thereotf will be omitted.

As 1llustrated, the magnetic substance structure 2005 1s
disposed between the resistor 70 and the terminal metal
fixture 40 1n the through hole 12 of the msulator 10. On the
right side of FIG. 2, a perspective view (referred to as a “first
perspective view P1”) of the magnetic substance structure
2005 covered with a covering portion 2905 and a perspec-
tive view (referred to as a “second perspective view P27) of
the magnetic substance structure 2006 from which the
covering portion 2905 1s removed are 1llustrated. The second
perspective view P2 1llustrates a partially cut-out magnetic
substance structure 2005 so as to show the internal configu-
ration of the magnetic substance structure 2005.

As 1llustrated, the magnetic substance structure 2005
includes a magnetic substance 2106 and a conductor 2205.
The conductor 2205 1s cross-hatched 1n the second perspec-
tive view P2. The magnetic substance 2105 1s a tubular
member centered around the center axis CL. Similar to the
magnetic substance 210 1 FIG. 1, various magnetic mate-
rials (for example, a ferromagnetic material containing iron
oxide) can be adopted as the material of the magnetic
substance 2105.

The conductor 2206 penetrates through the magnetic
substance 21056 along the center axis CL. The conductor
2206 extends from the end of the magnetic substance 2105
on the leading end direction D1 side to the end of the
magnetic substance 21056 on the rear end direction D2 side.
Similar to the conductor 220 in FIG. 1, various conductive
materials (for example, an alloy containing nickel and
chromium as main components) can be adopted as the
material of the conductor 2205.

The outer circumierential surface of the magnetic sub-
stance structure 2005 1s covered with the covering portion
2906 Similar to the covering portion 290 i FIG. 1, the
covering portion 2906 1s a tubular member covering the
magnetic substance structure 20056. Since the covering por-
tion 2906 1s interposed between the mnner circumierential
surface 10i of the msulator 10 and the outer circumierential
surface of the magnetic substance structure 2005, the posi-
tional offset between the insulator 10 and the magnetic
substance structure 20056 1s suppressed. Similar to the cov-
ering portion 290 1n FIG. 1, various materials (glass such as
borosilicate glass) can be adopted as the material of the
covering portion 290b.

A second conductive sealing portion 736 1s disposed
between the magnetic substance structure 2006 and the
resistor 70 1n the through hole 12 while being 1n contact with
the magnetic substance structure 20056 and the resistor 70. A
third conductive sealing portion 805 1s disposed between the
magnetic substance structure 2006 and the terminal metal
fixture 40 while being in contact with the magnetic sub-
stance structure 2006 and the terminal metal fixture 40.
Similar to the conductive sealing portions 75 and 80 1n FIG.
1, various conductive materials (for example, a material
containing similar glass particles as those of the resistor 70,
and metal particles (Cu, Fe, and the like)) can be adopted as
the maternial of each of the conductive sealing portions 7556
and 80b.

The end of the magnetic substance structure 2005 on the
leading end direction D1 side, that is, the end of each of the
magnetic substance structure 2105 and the conductor 22056
on the leading end direction D1 side is electrically connected
to the resistor 70 via the second conductive sealing portion
75b. The end of the magnetic substance structure 2006 on
the rear end direction D2 side, that 1s, the end of each of the
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magnetic substance structure 2105 and the conductor 2205
on the rear end direction D2 side 1s electrically connected to
the terminal metal fixture 40 via the third conductive sealing,
portion 805. The first conductive sealing portion 60, the
resistor 70, the second conductive sealing portion 7355, the
magnetic substance structure 2005, and the third conductive
sealing portion 805 form a conductive path through which
the center electrode 20 1s electrically connected to the
terminal metal fixture 40. It 1s possible to stabilize the

contact resistance between the members 20, 60, 70, 755,
2000, 80b and 40 stacked on top of each other, and to
stabilize the electrical resistance between the center elec-
trode 20 and the terminal metal fixture 40 by using the
conductive sealing portions 60, 755 and 805b. Hereinafter, all
of a plurality of members 60, 70, 755, 2005, 2905 and 805,
which are disposed 1n the through hole 12 and connect the
center electrode 20 and the terminal metal fixture 40
together, may be referred to as a “‘connection portion 30056 ™.

As described above, 1n the second embodiment, the
magnetic substance 2105 1s disposed 1n the middle of the
conductive path connecting the center electrode 20 and the
terminal metal fixture 40 together. Accordingly, it 1s possible
to suppress the occurrence of electromagnetic noise mnduced
by discharge. Further, the conductor 2206 1s connected in
series to the magnetic substance 210b. Accordingly, 1t 1s
possible to suppress an increase in the electrical resistance
between the center electrode 20 and the terminal metal
fixture 40. Further, the conductor 22056 1s embedded 1n the
magnetic substance 2105b. That 1s, the entirety of the con-
ductor 22056 except for both ends 1s covered with the
magnetic substance 210b. Accordingly, 1t 1s possible to
suppress damage to the conductor 22056. For example, the
occurrence of a short circuit of the conductor 2205 induced
by vibration can be suppressed.

The spark plug 1005 1 the second embodiment can be
manufactured using the same method as the spark plug 100
in the first embodiment. The magnetic substance structure
2000 1s formed by inserting the conductor 2205 into a
through hole of the magnetic substance 2105 formed by a
well-known method.

C. Reference Example

FIG. 3 1s a cross-sectional view of a spark plug 100¢ in a
reference example. The spark plug 100c¢ 1s used as a refer-
ence example 1n evaluation tests to be described later. The
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spark plug 100c¢ 1s different from the spark plug 100 1n FIG.
1 1n that the magnetic substance structures 200 and the third
conductive sealing portion 80 are omitted, and 1s different
from the spark plug 1006 1n FIG. 2 1in that the magnetic
substance structure 2005 and the third conductive sealing
portion 805 are omitted. In the reference example, a leg
portion 43¢ of a terminal metal fixture 40c¢ 1s longer than the
leg portion 43 1n the embodiments such that the end of the
leg portion 43¢ on the leading end direction D1 side reaches
the vicimity of the resistor 70. A second conductive sealing
portion 75¢ 1s disposed between the leg portion 43¢ and the
resistor 70 while being in contact with the leg portion 43¢
and the resistor 70. The same material as that of the second
conductive sealing portion 75 in the embodiments can be
adopted as the material of the second conductive sealing
portion 75c.

In FIG. 3, an intermediate position 44 (referred to as an
“intermediate position 44”) of a portion of a through hole
12¢ of an msulator 10¢ accommodating the leg portion 43¢
1s 1llustrated. With respect to the through hole 12¢, an 1inner
diameter of a portion disposed on the rear end direction D2
side of the intermediate position 44 1s slightly larger than an
inner diameter of a portion disposed on the leading end
direction D1 side of the intermediate position 44 (particu-
larly, a portion accommodating the first conductive sealing
portion 60, the resistor 70, the second conductive sealing
portion 75¢, and a portion of the leg portion 43¢). However,
both mmner diameters may be the same.

The remainder of the configuration of the spark plug 100c¢
in the reference example 1s the same as those of the spark
plugs 100 and 1005 1llustrated 1 FIGS. 1 and 2. All of the
first conductive sealing portion 60, the resistor 70, and the
second conductive sealing portion 75¢ form a connection
portion 300c connecting the center electrode 20 and the
terminal metal fixture 40c¢ together in the through hole 12c¢.
The spark plug 100c in the reference example can be
manufactured using the same method as the spark plugs 100
and 1006 in the embodiments.

D. Evaluation Test

D-1. Configuration of Spark Plug Samples

Evaluation tests performed on a plurality of types of spark
plug samples will be described. Table 1 below illustrates the
configuration of each sample, and each evaluation result of
four evaluation tests.

TABLE 1
Existence
or Non-
existence
of Electromagnetic Impact
Covering Noise Resistance  Resistance
No Configuration Portion Charactenistics ~ Characteristics  Stability  Durability
1 A Yes 10 10 10 10
2 B Yes 6 10 10 10
3 C — Reference 10 10 10
4 D Yes 5 10 10 10
5 E Yes 4 10 10 10
6 A No 10 5 10 10
7 B No 6 5 10 10
8 g Yes 5 10 10 10
9 G Yes 6 10 10 1
10 H Yes 8 10 10 10
11 I Yes — 0 0 1
12 J Yes — 0 0 1
13 K Yes 10 10 10 10
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In the evaluation tests, 13 types of samples with different
configurations were evaluated. The table illustrates numbers

indicating sample types, reference signs indicating configu-
ration types, the existence or non-existence of a covering
portion, the evaluation results of electromagnetic noise
characteristics, the evaluation results of 1mpact resistance
characteristics, the evaluation results of resistance stability,
and the evaluation results of durabaility.

The correlations between the reference signs indicating,
the configuration types and the configurations of the spark
plugs are as described below.

A: the configuration illustrated in FIG. 1

B: the configuration 1llustrated in FIG. 2

C: the configuration 1illustrated in FIG. 3

D: a configuration 1n which the dispositions of the resistor
70 and the magnetic substance structure 200 in the configu-
ration 1 FIG. 1 are switched

E: a configuration 1n which the dispositions of the resistor
70 and the magnetic substance structure 2006 are switched

F: a configuration in which the magnetic substance 210 in
the configuration 1n FIG. 1 1s replaced with a member made
of alumina and having the same shape as the magnetic
substance 210

(G: a configuration 1 which the conductor 22056 1n the
configuration 1n FIG. 2 1s replaced with a conductor with 2
k€2 resistance

H: configuration in which the conductor 2206 in the
configuration i FIG. 2 1s replaced with a conductor with 1
k€2 resistance

I: a configuration in which the third conductive sealing
portion 80 1s omitted from the configuration mn FIG. 1

J: a configuration in which the second conductive sealing
portion 75 1s omitted from the configuration mn FIG. 1

K: a configuration in which the conductor 2205 1n the
configuration 1n FIG. 2 1s replaced with a conductor with
200 k&2 resistance

Here, as 1illustrated in Table 1, the existence or non-
existence of the covering portions 290, 2905 are determined
independently from the configurations A to K.

Features common to the configurations A to K are as
described below.

1) the material of the resistor 70: a composite containing
B,0,—S10, based glass, ZrO, as ceramic particles, and C as
conductive material

2) the material of the magnetic substances 210, 2105:
MnZn ferrite

3) the material of the conductors 220, 2205: an alloy
containing nickel and chromium as main components

4) the material of the conductive sealing portions 60, 735,
75b, 80, 805 and 80¢: a composite containing B,0,—S10,,
based glass and Cu as metal particles

The electrical resistance of the conductor 1s the electrical
resistance between the end of the conductor on the leading
end direction D1 side and the end of the conductor on the
rear end direction D2 side. Hereinafter, the electrical resis-
tance between the end of the conductor on the leading end
direction D1 side and the end of the conductor on the rear
end direction D2 side 1s referred to as an end-to-end resis-
tance. Hereinafter, the results of each of the evaluation tests

will be described.

D-2. Evaluation Test on Electromagnetic Noise
Characteristics

The electromagnetic noise characteristics were evaluated
using an insertion loss measured according to the method
specified 1 JASO DO002-2. Specifically, the improvement
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(unit 1s dB) of the insertion loss at a frequency of 300 MHz
when a 3% sample was used as a datum was adopted as an

evaluation result. An evaluation result denoted by “m (m 1s
an mteger which 1s zero or greater and ten or less)” implies
that the improvement of the msertion loss with respect to the
3" sample is m (dB) or greater and less than m+1 (dB). For
example, an evaluation result denoted by “5” implies that the
improvement 1s 5 dB or greater and less than 6 dB. An
evaluation result was determined to be “10” when the
improvement was 10 dB or greater. In the evaluation result,
an average value of the insertion losses of five samples with
the same configuration was used as the insertion loss of each
type of sample. The five samples having the electrical
resistance between the center electrode 20 and the terminal
metal fixture 40, 40¢ 1n a range with a center value of 5 k&2
and a width of 0.6 k&2, that 1s, a range of 4.7 k€2 or greater
and 5.3 k€ or less were adopted. Since 117 and 127 samples
had a large variation in the electrical resistance, and five
samples with the aforementioned range of electrical resis-
tance could not obtained, the 117 and 12" samples were not
evaluated.

As illustrated in Table 1, when a 1% sample was compared
to an 8” sample, the evaluation result of the 1°* sample
including the magnetic substance 210 was better than that of
the 8” sample from which the magnetic substance 210 was
omitted. As such, 1t was possible to suppress electromag-
netic noise by providing the magnetic substance 210.

The evaluation result of each of the 1** sample and a 6™
sample including the coil-shaped conductor 220 was “10”
which was the highest grade, and the evaluation result of
each of a 2"? sample and a 7 sample including the straight
conductor 22056 was “6” which 1s less than 10. As such, it
was possible to considerably suppress electromagnetic noise
by providing the coil-shaped conductor 220.

When the 1** sample was compared to a 4” sample, the
evaluation result of the 1%/ sample in which the magnetic
substance structure 200 was disposed closer to the rear end
direction D2 side than the resistor 70 was better than that of
the 4” sample in which the magnetic substance structure 200
was disposed closer to leading end direction D1 side than the
resistor 70. Similarly, when the 2" sample was compared to
a 57 sample, the evaluation result of the 2”¢ sample in which
the magnetic substance structure 20056 was disposed closer
to the rear end direction D2 side than the resistor 70 was
better than that of the 5% sample in which the magnetic
substance structure 2006 was disposed closer to the leading
end direction D1 side than the resistor 70. As such, it was
possible to suppress electromagnetic noise by disposing the
magnetic substance structure on the rear end direction D2
side of the resistor regardless of the configuration of the
magnetic substance structure.

When at least one of the second conductive sealing
portion 75 and the third conductive sealing portion 80
interposing the magnetic substance structure 200 therebe-
tween was omitted (the 117 sample and the 127 sample), it
was diflicult to stabilize the electrical resistance between the
center electrode 20 and the terminal metal fixture 40. In
contrast, 1t was possible to stabilize the electrical resistance
by providing the second conductive sealing portion 75 and
the third conductive sealing portion 80.

D-3. Evaluation Result of Impact Resistance
Characteristics

The mmpact resistance characteristics were evaluated
according to the impact resistance test specified in 7.4 of JIS

B8031:2006. An evaluation result denoted by “0” implies
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the occurrence of abnormality in the impact resistance test.
When no abnormality was observed 1n the impact resistance
test, a vibration test was additionally performed for 30
minutes. The difference between an electrical resistance
measured before the evaluation test and an electrical resis-
tance measured after the evaluation test was calculated. The
electrical resistance 1s the electrical resistance between the
center electrode 20 and the terminal metal fixture 40, 40c.
An evaluation result denoted by “5” implies that an absolute
value of the difference between the electrical resistances
exceeds 10% of the electrical resistance before the test. An
evaluation result denoted by “10” implies that an absolute
value of the difference between the electrical resistances 1s
10% or less of the electrical resistance before the test.

As 1llustrated 1n Table 1, the evaluation result of each of
the 117 sample and 127 sample, from which at least one of
the second conductive sealing portion 75 and the third
conductive sealing portion 80 interposing the magnetic
substance structure 200 therebetween was omitted, was “0”.
In contrast, the evaluation results of the 1°* to 10” samples
and a 13” sample, which include two conductive sealing
portions (for example, the conductive sealing portions 75

and 80 1 FIG. 1) interposing the magnetic substance struc-
ture 200, 20056 therebetween, were “5” or “10” which was
better than those of the 117 sample and the 127 sample. As
such, by interposing the magnetic substance structure 200,
2006 between the two conductive sealing portions, 1t was
possible to improve impact resistance.

Further, the evaluation result of each of the 6”7 sample and
77 sample, in which the magnetic substance structure 200,
2000 was interposed between the two conductive sealing
portions but which did not include the covering portion 290,
2900, the evaluation result of each of these samples was “5”.
In contrast, the evaluation result of each of the 1° to 5%
samples, the 8”7 to 10”7 samples, and the 13 sample, which
include the two conductive sealing portions interposing the
magnetic substance structure 200, 20056 therebetween and
the covering portion 290, 2905, was “10”. As such, 1t was
possible to considerably improve the impact resistance by
providing the covering portion 290, 2905. However, the
covering portion 290, 2905 may be omitted.

D-4. Evaluation Result of Resistance Stability

The resistance stability was evaluated based on a standard
deviation in the electrical resistances between the center
electrode 20 and the terminal metal fixture 40, 40¢c. As
described above, the spark plugs used 1n the evaluation tests
were manufactured by heating the msulator 10 1n a state
where the material of the connection portion (for example
the connection portion 300 1n FIG. 1) was disposed 1n the
through hole 12, 12¢. The powder materials of the conduc-
tive sealing portions 60, 75, 75b, 75¢, 80, and 805 mlght
flow due to the heating. A variation 1n the electrical resis-
tance might occur due to the flowing of the powder mate-
rials. The magnitude 1n the vanation was evaluated. Spe-
cifically, 100 spark plugs with the same configuration were
manufactured for each sample type. The electrical resis-
tances between the center electrode 20 and the terminal
metal fixture 40, 40¢ were measured, and a standard devia-
tion in the measured electrical resistances was calculated. An
evaluation result denoted by “0” implies that the standard
deviation 1s greater than 0.8, an evaluation result denoted by
“5” 1implies that the standard deviation 1s greater than 0.5
and 0.8 or less, and an evaluation result denoted by “10”
implies that the standard deviation 1s 0.5 or less.
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As 1llustrated 1n Table 1, the evaluation result of each of
the 117 sample and the 127 sample, from which at least one

of the second conductive sealing portion 75 and the third
conductive sealing portion 80 interposing the magnetic
substance structure 200 therebetween was omitted, was “0”’.
In contrast, the evaluation result of each of the 1°7 to 107
samples, and the 13? sample, which include the two con-
ductive sealing portions (for example, the conductive seal-
ing portions 75 and 80 1n FIG. 1) interposing the magnetic
substance structures 200, 2005 therebetween, was “107
which was better than those of the 117 sample and the 127
sample. As such, by interposing the magnetic substance
structure 200, 2005 between the two conductive sealing
portions, 1t was possible to considerably stabilize the elec-
trical resistance.

D-5.

Evaluation Result of Durability

The durability 1s durability against discharge. The spark
plug sample was connected to an automotive transistorized
ignition system, and discharge was repeatedly performed
under the following conditions so as to evaluate the dura-
bility.

Temperature: 350 degrees Celsius

Voltage Applied to Spark Plug: 20 kV

Discharge Period: 3,600 incidences/minute

Operation Time: 100 hours

The evaluation test was performed under the aforemen-
tioned conditions, and thereafter, the electrical resistance
between the center electrode 20 and the terminal metal
fixture 40, 40c was measured at a room temperature. The
evaluation result was determined to be “10” when the
clectrical resistance after the evaluation test was less than
1.5 times the electrical resistance before the evaluation test.
The evaluation result was determined to be “1” when the
clectrical resistance after the evaluation test was greater than
or equal to 1.5 times the electrical resistance before the
evaluation test.

As illustrated in Table 1, the evaluation result of the 27¢
sample including the conductor 2205 was “10”. The evalu-
ation result of the 137 sample including the conductor with
200 k€2 resistance instead of the conductor 22056 was “10”.
The evaluation result of the 10” sample including the
conductor with 1 k€2 resistance instead of the conductor
220h was “10”. The evaluation result of the 9” sample
including the conductor with 2 k&2 resistance instead of the
conductor 22056 was “1”. The end-to-end resistance of the
conductor 22056 was approximately 50 k£2. As such, it was
possible to improve durability against discharge by reducing
the end-to-end resistance of the conductor (specifically, the
conductor connected to the magnetic substance 2105) of the
magnetic substance structure.

The reason 1t was possible to improve durability against
discharge by reducing the end-to-end resistance of the
conductor of the magnetic substance structure can be esti-
mated as follows. That 1s, since current flows through the
conductor connected to the magnetic substance 2105 during
discharge, the conductor generates heat. The magnitude of
current during discharge 1s adjusted 1n such a way that a
proper spark occurs at the gap g regardless of the internal
configuration of the spark plug. Accordingly, the greater the
end-to-end resistance of the conductor is, the higher the
temperature of the conductor may become. When the tem-
perature of the conductor 1s increased, a short circuit of the
conductor 1s more likely to occur. When the conductor 1s
short circuited, the electrical resistance between the center
clectrode 20 and the terminal metal fixture 40 may be
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increased. In addition, when the temperature of the conduc-
tor 1s increased, the temperature of the magnetic substance
2106 1s also increased. The magnetic substance 2106 1s
prone to damage when the temperature of the magnetic
substance 2105 1s high compared to when the temperature 1s
low (for example, the cracking of the magnetic substance
21056 occurs). An increase 1n the end-to-end resistance of the
magnetic substance 2105 induced by damage to the mag-
netic substance 21056 may cause an increase 1n the electrical
resistance between the center electrode 20 and the terminal
metal fixture 40. As described above, the smaller the end-
to-end resistance of the conductor 1s, the further 1t 1s possible
to suppress the occurrence of damage to the magnetic
substance 2100 and a short circuit of the conductor. As a
result, 1t can be estimated that it 1s possible to improve
durability against discharge. Further, when the end-to-end
resistance of the conductor 1s high, since current flows along
the surface of the conductor during discharge, electromag-
netic noise may occur. For this reason, the conductor of the
magnetic substance structure preferably has a low end-to-
end resistance.

The end-to-end resistances of the conductors 22056 of the
274 the 13”, and 10” samples, the evaluation results of
which were “10” indicating good durability, were 50 k&2,
200 k€2, and 1 k€2, respectively. An arbitrary value among
these values can be adopted as the upper limit of a preferable
range (range of a lower limit or greater and an upper limit
or less) of the end-to-end resistance of the conductor 2205.
An arbitrary value less than or equal to the upper limit
among these values can be adopted as the lower limit. For
example, a value of 1 k€2 or less can be adopted as the
end-to-end resistance of the conductor 2205. More prefer-
ably, a value of 200 k&2 or less can be adopted as the
end-to-end resistance of the conductor 2205. In addition to
the atorementioned values, a value of 0 k€2 can be adopted
as the lower limait of the preferable range of the end-to-end
resistance of the conductor 2205.

The atorementioned description has been given with
reference to the evaluation results of the 27¢, the 107, the
117, and the 13” samples with the configuration illustrated
in FIG. 2. However, it can be estimated that the relationship
between heat generation of the conductor and the likeliness
ol occurrence of a failure (a short circuit of the conductor or
damage to the magnet) can be applied regardless of the
configuration of the magnetic substance structure. Accord-
ingly, also 1n the spark plug with the configuration 1llustrated
in FI1G. 1, 1t can be estimated that, the lower the end-to-end
resistance of the coil-shaped conductor 220 is, the further it
1s possible to suppress the occurrence of a short circuit of the
conductor 220 or damage to the magnetic substance 210 to
thus improve durability against discharge. Conductive metal
such as an 1ron material or copper 1s preferably adopted as
the material of the coil-shaped conductor 220. Particularly,
stainless steel or a nickel alloy 1s preferably adopted upon
consideration ol heat resistance and costs.

During discharge, current may flow through not only the
conductor 220, 2205 but also the magnetic substance 210,
2106. Accordingly, the magnetic substance structure 200,
20006 which 1s an assembly of the magnetic substance 210,
2106 and the conductor 220, 2005 preferably has low
end-to-end resistances so as to suppress the occurrence of
damage to the magnetic substance 210, 2105. For example,
a range of 0 k€2 or greater and 3 k&2 or less can be adopted
as a preferable range of the end-to-end resistance of the
magnetic substance structure 200, 20056. However, a value
greater than 3 k(2 may be adopted. The end-to-end resis-
tances of the conductors of the 27¢, the 137, and 10%
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samples, the evaluation results of which showed good dura-
bility, were 50 k€2, 200 k€2, and 1 k€2, respectively. When 1t

1s taken 1nto consideration that such conductors are adopted,
an arbitrary value among these end-to-end resistances can be
adopted as the upper limit of the preferable range (range of
a lower limit or greater and an upper limit or less) of the
end-to-end resistance of the magnetic substance structure
200, 2005. An arbitrary value less than or equal to the upper
limit among these values can be adopted as the lower limat.
For example, a value of 1 k€2 or less can be adopted as the
end-to-end resistance of the magnetic substance structure

200, 2005. More preferably, a value of 200 k€2 or less can

be adopted as the end-to-end resistance of the magnetic
substance structure 200, 20054. In addition to the atoremen-
tioned values, a value of 0 k€2 can be adopted as the lower
limit of the preferable range of the end-to-end resistance of
the magnetic substance structure 200, 2005.

Preferably, the end-to-end resistance of the conductor
220, 22056 1s respectively lower than that of the magnetic
substance 210, 2105 so as to suppress heat generation of the
magnetic substance structure 200, 2005. In this configura-
tion, 1t 1s possible to reduce the end-to-end resistance of the
magnetic substance structure 200, 2006 by connecting the
conductor 220, 2206 to the magnetic substance 210, 2105.
As a result, it 1s possible to suppress heat generation of the
magnetic substance structure 200, 2005. In each of the 1° to
the 13” samples, the end-to-end resistance of the magnetic
substance 210, 2105 was several k€2 and was greater than
the end-to-end resistance of the conductor (for example, the
conductor 220, 22056). As 1llustrated in Table 1, the evalu-
ation results of the 1°" to 8”, the 10”, and the 13" samples
showed good durability.

As 1llustrated 1n Table 1, the evaluation results of the 1
and the 127 samples, in which at least one of the second
conductive sealing portion 75 and the third conductive
sealing portion 80 interposing the magnetic substance struc-
ture 200 therebetween was omitted, were “1”. Each of the 1%
to 8”, the 107, and the 13” samples with a good evaluation
result of “10” included two conductive sealing portions (for
example, the conductive sealing portions 75 and 80 1n FIG.
1) between which the magnetic substance structure 200,
2005 was interposed. As such, since the magnetic substance
structure 200, 20056 was interposed between the two con-
ductive sealing portions, 1t was possible to improve dura-
bility against discharge.

The following method can be adopted as a method of
measuring the end-to-end resistance of the magnetic sub-
stance structure of the spark plug. Hereinaiter, the spark
plugs 100 and 1005 1 FIGS. 1 and 2 will be described as
examples. First, an operator disassembles the metal shell 50
from the isulator 10, cuts the msulator 10 using a cutting
tool such as a diamond blade, and takes the connection
portion 300, 3005 disposed in the through hole 12 out of the
through hole 12. Subsequently, the operator respectively
disassembles the conductive sealing portions in contact with
the magnetic substance structure 200, 20056 from the mag-
netic substance structure 200, 20056 using a cutting tool such
as a nippers. Subsequently, after the operator observes the
internal structure of each of the covering portion 290, 2905
in contact with the magnetic substance structure 200, 2005
using a CT scanner, the operator disassembles the covering
portion 290, 2905/ from the magnetic substance structure
200, 20056 by cutting and grinding the magnetic substance
structure 200, 2005. The operator brings the probes of a
resistance meter into contact with both ends (on the leading
end direction D1 side and the rear end direction D2 side) of

11‘h
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the magnetic substance structure 200, 2005 obtained in this
manner, and measures an end-to-end resistance therebe-
tween.

The following method can be adopted as a method of
measuring the end-to-end resistance of the conductor of the
magnetic substance structure. That 1s, the operator acquires
the conductor 220, 2206 by removing the magnetic sub-
stance 210, 21056 from the magnetic substance structure 200,
2005 obtained by the aforementioned method using a cutting
tool such as nippers. The operator brings the probes of a
resistance meter into contact with both ends on the leading
end direction D1 side and the rear end direction D2 side of
the conductor 220, 2206/ obtained in this manner, and
measures an end-to-end resistance therebetween.

The following method can be adopted as a method of
measuring the end-to-end resistance of the magnetic sub-
stance of the magnetic substance structure. That 1s, after the
operator observes the internal structure of the magnetic
substance structure 200, 2006 using a CT scanner, the
operator obtains the magnetic substance 210, 2105 by cut-
ting and grinding the magnetic substance structure 200,
2006. The operator brings the probes of a resistance meter
into contact with both ends on the leading end direction D1
side and the rear end direction D2 side of the magnetic
substance 210, 2105, and measures an end-to-end resistance
therebetween.

At least one of both ends on the leading end direction D1
side and the rear end direction D2 side of each of the
magnetic substance structure, the conductor, and the mag-
netic substance may be a surface. In this case, the minimum
end-to-end resistance obtained by bringing the probe of a
resistance meter 1nto contact with the surface at an arbitrary
position 1s adopted.

E. Third Embodiment

E-1. Configuration of Spark Plug

FIG. 4 1s a cross-sectional view of a spark plug 1004 in
a third embodiment. In the third embodiment, a magnetic
substance structure 2004 1s provided instead of the magnetic
substance structures 200 and 2006 1 FIGS. 1 and 2. A
perspective view ol the magnetic substance structure 2004 1s
illustrated on the right side of FIG. 4. The magnetic sub-
stance structure 2004 1s a tubular member centered around
the center axis CL. A portion of the center electrode 20 on
the rear end direction D2 side, a first conductive sealing
portion 60d, a resistor 70d, a second conductive sealing
portion 75d, the magnetic substance structure 2004, a third
conductive sealing portion 804, and a leg portion 43d of a
terminal metal fixture 404 are disposed 1n a through hole 124
of an insulator 104 sequentially from the leading end direc-
tion D1 side toward the rear end direction D2 side. The
magnetic substance structure 2004 1s disposed on the rear
end direction D2 side of the resistor 70d. All of the members
60d, 70d, 75d, 200d and 80d form a connection portion 3004
connecting the center electrode 20 and the terminal metal
fixture 404 together 1n the through hole 124. The remainder
of the configuration of the spark plug 1004 in the third
embodiment 1s substantially the same as the configuration of
cach of the spark plugs 100 and 1005 1n FIGS. 1 and 2. In
FIG. 4, the same reference signs will be assigned to portions
of the spark plug 1004 1n the third embodiment, which
correspond to the portions of each of the spark plugs 100 and
1006 1n FIGS. 1 and 2. The description thereof will be

omitted.
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FIG. § shows views 1llustrating the magnetic substance
structure 200d4. A perspective view ol the magnetic sub-
stance structure 2004 1s illustrated on the left upper side of
FIG. 5. The perspective view illustrates the partially cut-out
magnetic substance structure 200d. A cross-section 900 in
the perspective view 1s the planar cross-section of the
magnetic substance structure 2004, which includes the cen-
ter axis CL. An enlarged schematic view of a portion 800
(heremaftter, referred to as a “target region 800”) of the
cross-section 900 1s 1llustrated on the center upper side of
FIG. 5. The target region 800 1s a rectangular region having
the center axis CL as the center axis, and 1s formed by two
sides parallel with the center axis CL and two sides perpen-
dicular to the center axis CL. The shape of the target region
800 1s symmetric with respect to the center axis serving as
the symmetric axis CL, that 1s, the target region 800 has a
line-symmetric shape. A first length La 1n FIG. 5 15 a length
in a direction perpendicular to the center axis CL of the
target region 800, and a second length Lb 1s a length parallel
with the center axis CL of the target region 800. The first
length La 1s 1.5 mm, and the second length Lb 1s 2.0 mm.

As 1llustrated, the target region 800 (that 1s, the cross-
section of the magnetic substance structure 200d4) contains a
ceramic region 810 and a conductive region 820. The
conductive region 820 1s formed by a plurality of grain-
shaped regions 825 (hereinafter, referred to as “conductive
grain regions 825”7 or also simply referred to as “grain
regions 8257).

The conductive region 820 1s formed of a conductive
substance. Carbon, carbon-containing compounds (11C and
the like), perovskite type oxides (LaMnO, and the like),
metal (Cu and the like), or the like can be adopted as the
conductive substance. As 1llustrated, a plurality of conduc-
tive grain regions 825 are 1n contact with each other to form
a current path extending from the rear end direction D2 side
toward the leading end direction D1 side. The plurality of
conductive grain regions 823 are formed of a conductive
substance powder as the material of the magnetic substance
structure 200d. For example, one conductive grain region
825 can be formed of one of conductive substance grains
contained 1n the maternal powder. A plurality of conductive
substance grains contained in the material powder stick
together to form one conductive grain region 825.

One conductive grain region 825 illustrates the cross-
section of one three-dimensional grain-like region of the
conductive substance. Two conductive grain regions 825
may be disposed separately from each other in the target
region 800 (that 1s, the cross-section 900), which 1s not
illustrated. The two conductive grain regions 823 positioned
away Irom each other 1n the target region 800 may 1llustrate
the cross-sections of two three-dimensional grain-like
regions which are 1n contact with each other at a position at
a front side or a back side of the target region 800. As such,
the plurality of conductive grain regions 825 in contact with
cach other or positioned away from each other in the target
region 800 are capable of forming a current path extending
from the rear end direction D2 side toward the leading end
direction D1 side. During discharge, current flows through
the plurality of conductive grain regions 825 1n the magnetic
substance structure 2004.

The ceramic region 810 1s formed of a mixed material
containing a magnetic substance and a ceramic. An 1ron-
containing oxide (for example, Fe,O,) can be adopted as the
magnetic substance. For example, a ceramic containing at
least one of silicon (S1), boron (B), and phosphorous (P) can
be adopted as the ceramic. For example, a ceramic such as
glass described 1n the first embodiment can be adopted. For
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example, a substance containing one or more oxides arbi-
trarily selected from silica (S10,), boric acid (B,O.), and
phosphoric acid (P,0O.) can be adopted as the glass.

As 1llustrated, the plurality of conductive grain regions

825 are surrounded by the ceramic region 810 containing the
magnetic substance. That 1s, the current path 1s surrounded
by the magnetic substance. When the magnetic substance 1s
disposed 1n the vicimity of the conductive path, electromag-
netic noise induced by discharge 1s suppressed. For example,
the conductive path serves as an inductance element, and
suppresses electromagnetic noise. In addition, an increase 1n
the impedance of the conductive path suppresses electro-
magnetic noise.

One grain region 825 is 1llustrated on the center lower side
of the FIG. 5. A distance Lm 1s the maximum grain size (is
referred to as the “maximum grain size Lm”) of the grain
region 8235. The maximum grain size Lm of one grain region
825 1s the length of the longest line among lines connecting
edges of the grain region 825 together without bulging out
of the grain region 825. The fact that the maximum diameter
Lm of each of a plurality of grain regions 825 1s large
implies that the current path 1s large. The durability of the
current path 1s improved as the current becomes larger.
Accordingly, 1t 1s possible to improve the durability of the
current path, that 1s, the durability of the magnetic substance
structure 2004 as the number of conductive grain regions
825 with the maximum grain size Lm (for example, the
maximum grain size Lm greater than or equal to 200 um)
among the plurality of grain regions 8235 contained 1n the
target region 800 1s increased.

When two grain regions 825 are 1n contact with each other
in the target region 800, the boundary line between the two
grain regions 825 may be unclear. In this case, the boundary
line can be specified as follows. An enlarged view on the
right lower side of FIG. 5 illustrates a contact portion 830 of
the two grain regions 825 1n contact with each other. When
the boundary line 1s unclear, the contact portion 830 1s
formed by two protruding portions 812a and 8126 of the
ceramic region 810, which face each other. The shortest
straight line BL connecting the two protruding portions 812a
and 8125 may be adopted as the boundary line. The maxi-

mum grain size Lm can be specified using the boundary line
BL.

The ceramic region 810 1s formed of a magnetic substance
powder and a ceramic powder as the material of the mag-
netic substance structure 200d. Accordingly, pores may be
formed 1n the ceramic region 810 in the target region 800.
An enlarged view of the ceramic region 810 i1s illustrated on
the left lower side of FIG. 5. As 1illustrated, pores 812 are
formed 1n the ceramic region 810. During discharge of the
spark plug 100d, discharge may partially occur in the pores
812. The partial discharge occurring in the pores 812 may
cause aging of the magnetic substance structure 2004, and
the occurrence of electromagnetic noise. Accordingly, the
proportion of the pores 812 in the magnetic substance
structure 2004 (the proportion of an area of the pores 812 to
an area of the remainder of the target region 800 which 1s
other than the conductive region 820) 1s preferably small.

E-2. Manufacturing Method

The spark plug 1004 including the magnetic substance
structure 2004 can be manufactured according to the same
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sequence as in the manufacturing method described 1n the
first embodiment. The members 1n the through hole 124 of
the msulator 104 are formed as described below. Material
powders for the conductive sealing portions 60d, 754, and
80d, the resistor 70d, and the magnetic substance structure
200d are prepared. The same material powders as for the
conductive sealing portions 60, 75, and 80, and the resistor
70 1n the first embodiment can be adopted as the material
powders for the conductive sealing portions 60d, 754, and
804, and the resistor 70d. For example, the material powder
for the magnetic substance structure 2004 i1s prepared as
described be.
magnetic substance powder and a ceramic powder. The
material powder for the magnetic substance structure 2004

ow. A mixed material 1s prepared by mixing a

1s prepared by mixing the mixed material with a conductive
substance powder.

Subsequently, similar to the manufacturing method 1n the
first embodiment, the center electrode 20 1s disposed at a
predetermined position 1n which the center electrode 20 1s
supported by the reduced inner diameter portion 16 1n the

through hole 124. The filling of the material powders for the
first conductive sealing portion 60d, the resistor 704, the

second conductive sealing portion 754, the magnetic sub-
stance structure 2004, and the third conductive sealing
portion 804 into the through hole 124, and molding of the
filled powder matenials are performed 1n the order of the
members 60d, 704, 75d, 2004, and 80d. The filling of the
powder matenals 1nto the through hole 124 1s performed
through the rear opening 14. The molding of the filled
powder materials 1s performed by using a bar iserted

through the rear opening 14. The material powder 1s molded
into substantially the same shape as that of the correspond-
ing member.

The insulator 104 1s heated up to a predetermined tem-
perature higher than the softening point of a glass constitu-
ent contained i each of the material powders, and the

terminal metal fixture 404 1s mserted into the through hole
124 through the rear opening 14 of the through hole 124 with
the msulator 104 heated at the predetermined temperature.
As a result, each material powder 1s compressed and sintered
such that the conductive sealing portions 60d, 754, and 804,
the resistor 704, and the magnetic substance structure 2004
are formed. In the embodiment, the insulator 104 1s heated
to a temperature not causing melting of the conductive
substance powder contained 1n the material of the magnetic
substance structure 200d. Accordingly, the plurality of con-
ductive grain regions 825 (refer to FIG. 5) come into a
substantially point contact with each other.

F. Evaluation Test

F-1. Outline

Evaluation tests performed on a plurality of types of
samples of the spark plug 1004 in the third embodiment will
be described. Tables 2 and 3 below illustrate the configura-
tion of each sample, and each of results of the evaluation
tests.
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TABLE 2
Conductive Substance
Large
Grain
Proportion Fe- Ceramic
Occupancy (%0) containing Elements Porosity
No. Composition (%0) (Lm =200 pm) Oxide Contained (%)
A-1  CryG 35 40 Fe,O, S1, Mg, Ba, Ca 5.4
A-2  TiC 63 92 Fe;0, P, Mg, Ba, Na 5.6
A-3 C 48 45 (N1,Zn)Fe,O, B, Ca, Mg, P, Na, K 6.1
A-4  SrTi0Oq 61 51 FeO S1, P, Mg, Ba, L1 5.3
A-5 SrCrO, 52 55 BakFe 50, B, Ca, Mg, P, Na, K 5.3
A-6 i 58 77 Srfe 5014 S1, B, Mg, Sr 5.6
A-7  LaMnO, 49 43 (N1,Zn)Fe,O, B, Ca, Mg, P, Na, K 5.6
A-8  LaCrO, 39 45 NiFe,O, S1, P, Mg, Ba, L1 5.2
A-9 LaCoO;, 44 46 Fe, O, B, Ca, Mg, P, Na, K 5.4
A-10 LaFeO, 48 44 (N1,Zn)Fe,O,  Si, B, Mg, Sr 5.7
A-11 NdMnO, 51 42 (Mn,Zn)Fe,O, P, Mg, Ba, Na 5.5
A-12 PrMnO, 50 40 Ba,Co,Fe,0,, B, Ca, Mg, Li 5.2
A-13 YbMnO, 62 41 (N1,Zn)Fe,O, Si, P, Mg, Ba, Li 5.6
A-14 YMnO, 64 43 CuFe,0, B, Ca, Mg, P, Na, K 5.3
A-15 Ag 44 95 CuFe,0, S1, P, Mg, Ba, L1 5.5
A-16 Cu 47 44 BaFe 504 B, Ca, Mg, P, Na, K 5.1
A-17 Ni 60 57 Srfe 5014 S1, B, Mg, Sr 5.6
A-18 Sn 55 &3 NiFe,O,4 P, Mg, Ba, Na 5.7
A-19 Fe 59 76 (N1,Zn)Fe,O, B, Ca, Mg, Li 6
A-20 Cr 64 67 NiFe,O,4 S1, P, Mg, Ba, L1 5.4
A-21 Inconel 62 50 Ba,CosFe 50,5, B, Ca, Mg, P, Na, K 5.6
A-22 Sendust 65 55 Y,Fes0O45 P, Mg, Ca, Ti, K, Li 5.8
A-23 Permalloy 40 71 (Mn,Zn)Fe,O, P, Mg, Ba, Na 5.5
A-24 NdMnO, 58 55 (N1,Zn)Fe,O,  Si1, B, Mg, Sr 5
A-25 PrMnO, 46 63 (Mn,Zn)Fe-,O, P, Mg, Ba, Na 4.4
A-26 YbMnO, 52 71 Ba,Co,Fe 505, B, Ca, Mg, Li 4.3
A-27 YMnO, 58 59 (N1,Zn)Fe, O,  Si1, P, Mg, Ba, Li 3.8
A-28 Fe 64 52 BaFe ;04 B, Ca, Mg, P, Na, K 3.5
A-29 Cr 61 66 SrFe 504 S1, P, Mg, Ba, L1 3.3
A-30 Inconel 56 61 NiFe->0, B, Ca, Mg, P, Na, K 3.2
Noise (dB) Before Noise (dB)
Durability Test After Durability Test

No. 30 MHz 100 MHz 300 MHz 500 MHz 30 MHz 100 MHz 300 MHz 500 MHz
A-1 76 70 64 60 86 80 74 70
A-2 75 70 64 59 84 79 73 68
A-3 75 71 62 59 86 82 73 70
A-4 74 69 63 60 84 79 73 70
A-5 76 70 65 59 85 79 74 68
A-6 75 71 64 58 86 82 75 69
A-7 68 62 58 50 75 69 65 57
A-8 69 61 57 51 75 67 63 57
A-9 69 63 59 51 75 69 65 57
A-10 68 62 58 50 75 69 65 57
A-11 67 62 57 51 74 69 64 58
A-12 69 63 57 52 75 69 63 58
A-13 67 61 58 51 73 67 64 57
A-14 68 61 56 52 74 67 62 58
A-15 67 61 58 51 74 68 65 58
A-16 68 62 56 51 74 68 62 57
A-17 66 61 57 51 72 67 63 57
A-18 67 61 56 50 74 68 63 57
A-19 68 61 58 51 75 68 65 58
A-20 66 62 56 51 72 68 62 57
A-21 68 62 57 51 74 68 63 57
A-22 66 63 57 50 72 69 63 56
A-23 68 61 56 51 75 68 63 58
A-24 60 55 48 43 63 58 51 46
A-25 61 54 49 44 65 58 53 48
A-26 59 55 49 43 61 57 51 45
A-27 60 53 48 43 63 56 51 46
A-28 59 54 48 42 63 58 52 46
A-29 59 55 49 43 61 57 51 45
A-30 58 53 47 44 61 56 50 47
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TABLE 3
Conductive Substance
Large
Grain
Proportion Noise (dB) Noise (dB) After
(%0) Fe- Ceramic Before Durability Test Durability Test
Occupancy (Lm  containing Elements Porosity 30 100 300 500 30 100 300 500
No. Composition (%) =200 ym) Oxide Contained (%) MHz MHz MHz MHz MHz MHz MHz MHzZ
B-1 C 34 55 (N1,Zn)Fe,O,  S1, Mg, 5.9 80 74 69 65 95 89 85 81
Ba, Ca
B-2 TiC 67 52 Fe, O, P, Mg, Ba, 5.6 83 78 73 68 98 89 85 81
Na
B-3 C 48 45 Non- B, Ca, 6.1 88 83 78 74 98 93 87 83
existence Mg, P, Na, K
B-4  SrTi0, 61 39 (N1,Zn)Fe-O,  S1, P, Mg, 5.3 &5 80 75 70 100 91 87 83
Ba, L1
B-5 Non- — — BaFe 50, B, Ca, 5.3 — — — — — — — —
existence Mg, P, Na, K
20

In the evaluation tests, 35 types of samples including A-1
to A-30 samples and B-1 to B-5 samples, in which the
properties of the magnetic substance structures 2004 are
different from each other, were evaluated. Tables 2 and 3
illustrate sample numbers, the properties (here, the proper-
ties of a conductive substance, the properties of an 1ron-
contaiming oxide, elements contained 1n the ceramic, and
porosity) of the magnetic substance structure 2004, and
noise test results before and after durability tests. The
remainder of the configurations of the 35 types of samples
of the spark plug 1004 was the same except for the prop-
ertiecs of the magnetic substance structure 200d4. For
example, the magnetic substance structures 2004 1n the 35
types of samples had substantially the same shape. The
magnetic substance structure 2004 had an outer diameter
(that 1s, the 1nner diameter of a portion of the through hole

124 which accommodated the magnetic substance structure
200d) of 3.9 mm.

The composition of the conductive substance, occupancy,
and a large grain proportion are illustrated as the properties
of the conductive substance. The composition of the con-
ductive substance was specified from the material of the
conductive substance. The occupancy 1s a proportion of the
total area of the conductive region 820 1n the target region
800 to the total area of the target region 800 1llustrated 1n
FIG. 5. The occupancy was calculated as follows. The
magnetic substance structure 2004 of each of the samples
was cut along a plane including the center axis CL, and the
cross-section of the magnetic substance structure 2004 was
mirror-polished. A region containing a 1.5 mmx2.0 mm
region corresponding to the target region 800 (refer to FIG.
5) on the cross-section was analyzed using an electron probe
microanalyzer (EPMA). Conditions for the EPMA analysis
were set as follows. That 1s, the acceleration voltage of the
EPMA was set to 15.0 kV, the working distance was set to
11.0 mm, and a beam diameter was set to 50 um. The
conductive region 820 was specified by image processing of
adopting a region, in which the elements of the conductive
substance were detected by the EPMA analysis, as the
conductive region 820. An 1image illustrating the conductive
region 820 as illustrated in the target region 800 on the
center upper side of the FIG. 5 was acquired by this image
processing. The occupancy was calculated by analyzing this
image.

The large grain proportion 1s a proportion of the total
number of grain regions 825 with the maximum grain size
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Lm of 200 um or greater to the total number of grain regions
825 1n the target region 800 (refer to FIG. 5). The plurality
of grain regions 825 1n the target region 800 were specified
by using the conductive region 820 specified by the EPMA
analysis and the image processing. When only a portion of
one grain region 825 was positioned 1n the target region 800,
that 1s, a portion of one grain region 823 protruded out of the
target region 800, the one grain region 825 was treated as
one grain region 8235 present in the target region 800 1n
counting the number of grain regions 825.

The composition of the iron-containing oxide was speci-

fied from the material of the magnetic substance structure
2004d.

The elements contained in the ceramic were specified
from the elements contained in the ceramic material (in
these evaluation tests, an amorphous glass material). The

tables 2 and 3 illustrate elements other than oxygen. For
example, when “S10,” 1s used as the ceramic material, “S1”
without denotation of oxygen (O) 1s 1llustrated. Various
additive components may be added to the ceramic material.
Tables 2 and 3 1illustrate these additive component elements
(for example, Ca and Na). Elements contained in the
ceramic region 810 can be specified by EPMA analysis.

The porosity 1s a proportion of an area the pores 812 (refer
to FI1G. §5) to an area of the remainder of the target region 800
which 1s other than the conductive region 820. The porosity
was calculated as follows. An 1image of the region equivalent
to the target region 800 (refer to FIG. 5) used in the EPMA
analysis was captured using a scanning electron microscope
(SEM), with the region being present on the same polished
surface used in the EPMA analysis. The obtained SEM
images were binarized using image analysis software
(Analysis Five manufactured by Soft Imaging System
GmbH). A threshold value for the binarization was set as
follows.

(1) An operator defined the position of a grain boundary
by confirming a secondary electron image and a backscat-
tered electron 1mage on the SEM 1mage, and drawing a line
along a dark boundary (equivalent to the grain boundary) 1n
the backscattered electron 1image.

(2) In order to improve the backscattered electron 1mage,
the operator smoothened the backscattered electron 1mage
while maintaiming the edge of the grain boundary.

(3) The operator made a graph from the backscattered
clectron 1mage with the graph showing brightness on the
horizontal axis and an incidence on the vertical axis. The
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obtained graph was a bimodal graph. The brightness of a
middle point between two peaks was set as the threshold

value for binarization.

The pores 812 1n the ceramic region 810 were specified by
the binarization. Diflerentiation between the ceramic region
810 and the conductive region 820 on the SEM 1mage was
made by the EPMA analysis. The proportion of the area of
the pores 812 to the area of the remainder of the target region
800 other than the conductive region 820 was calculated as
the porosity.

An average value of 10 values obtained by analyzing 10
cross-sectional 1mages of the magnetic substance structure
2004 was adopted as the occupancy, the large grain propor-
tion, the porosity, and the like. Ten cross-sectional images of
one type of samples were captured using 10 cross-sections
of 10 samples of the same type which were manufactured
under the same conditions.

In a noise test, a noise 1ntensity was measured according,
to “automotive—radio noise characteristics—section 2:
measurement method of preventive device, current method”
of Japanese Automotive Standards Organization D-002-2
(JASO D-002-2). Specifically, the distance of the gap g of
the spark plug sample was adjusted to 0.9 mm=+0.01 mm, a
voltage 1n a range of from 13 kV to 16 kV was applied to the
sample, and discharge was performed. Current flowing
through the terminal metal fixture 404 during discharge was
measured using a current probe, and the measured value was
converted into the unit of dB for comparison. Noise at four
types of frequencies, that 1s, 30 MHz, 100 MHz, 300 MHz,
and 500 MHz was measured. Each numerical value in the
tables denotes a noise intensity with respect to a predeter-
mined reference. The noise intensity becomes high as the
numerical value becomes larger. A “before durability test”
denotes a noise test result before a durability test to be
described later 1s performed, and an “‘after durability test”
denotes a noise test result after the durability test 1s per-
formed. The durability test 1s a test in which the spark plug
samples are discharged with a discharge voltage of 20 kV at
a temperature of 200 degrees Celsius for 400 hours. The
durability test may cause the progress of the aging of the
magnetic substance structure 2004. A noise intensity “after
the durability test” may be higher than a noise intensity
“belfore the durability test” due to the progress of the aging
of the magnetic substance structure 200d.

As 1llustrated in Tables 2 and 3, both of the noise
intensities aiter and before the durability test became lower
as the frequency became higher.

F-2. Regarding Occupancy of Conductive
Substance

The occupancy of the conductive substance 1n each of the
A-1 to A-6 samples 1n Table 2 was 1n a range of 35% or
greater and 65% or less. In the A-1 to A-6 samples, 1t was
possible to realize a sutliciently low noise itensity of 76 dB
or less at all of the frequencies before the durability test. A
noise intensity even after the durability test was less than or
equal to 86 dB at all of the frequencies, and 1t was possible
to suppress an increase in the noise intensity. That 1s, 1t was
possible to realize good durability of the magnetic substance
structure 200d. The increased amounts of noise intensity at
all of the frequencies induced by the durability test were 1n
a range of 9 dB or greater and 11 dB or less.

The occupancy of the B-1 sample 1n Table 3 was 34% (the
large grain proportion was 53%) which was less than the
occupancy of each of the A-1 to A-6 samples. Before and
alfter the durability test, the noise intensities of the B-1
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sample were higher than those of an arbitrary sample of the
A-1 to A-6 samples at the same frequency. The difference in

noise intensity at the same Irequency between the B-1
sample and an arbitrary sample of the A-1 to A-6 samples
was greater than or equal to 3 dB before the durability test,
and was greater than or equal to 7 dB after the durability test.

The increased amounts of the noise intensity of the B-1
sample imnduced by the durability test were 15 dB (at 30 MHz
and 100 MHz) and 16 dB (at 300 MHz and 500 MHz). The
increased amounts (9 dB, 10 dB, and 11 dB) of noise
intensity of the A-1 to A-6 samples were less by approxi-
mately 5 dB than the increased amount (15 dB and 16 dB)
ol noise 1ntensity of the B-1 sample at the same frequency.
That 1s, the A-1 to A-6 samples with relatively high occu-
pancy were capable of realizing good durability compared to
the B-1 sample with relatively low occupancy. The esti-
mated reason for this 1s that when the occupancy is high, the
current path formed by the conductive region 820 (refer to
FIG. §) 1s large, and a large number of current paths are
formed by the conductive region 820 compared to when the
occupancy 1s low.

The occupancy of the conductive substance of the B-2
sample 1n Table 3 was 67% (the large grain proportion was
52%) which was greater than the occupancy of the conduc-
tive substance of each of the A-1 to A-6 samples. Belore the
durability test, the noise intensity of the B-2 sample was
higher than that of an arbitrary sample of the B-1 sample and
the A-1 to A-6 samples at the same frequency. After the
durability test, the noise intensity of the B-2 sample was
approximately equal to that of the B-1 sample at the same
frequency, and was higher than that of an arbitrary sample
of the A-1 to A-6 samples at the same frequency. As such,
the A-1 to A-6 samples with relatively low occupancy were
capable of suppressing noise compared to the B-2 sample
with relatively high occupancy. The estimated reason for this
1s that the distribution region of the conductor (the iron-
containing oxide) in the vicinity of the conductive path
becomes increased as the occupancy of the conductive
substance becomes lower.

The occupancy of the conductive substances of the A-1 to
A-6 samples realizing good durability while suppressing
noise were 335%, 48%, 52%, 58%, 61%, and 65%. An
arbitrary value among these six values can be adopted as the
upper limit of a preferable range (range of a lower limit or
greater and an upper limit or less) of the occupancy. An
arbitrary value less than or equal to the upper limit among
these values can be adopted as the lower limit. For example,
a value 1n a range of 35% or greater and 65% or less can be
adopted as the occupancy.

An arbitrary method can be adopted as a method of
adjusting the occupancy. For example, 1t 1s possible to
increase the occupancy by increasing the percent (weight
percent) of the conductive substance 1n the matenal of the
magnetic substance structure 2004d.

F-3. Regarding Large Grain Proportion

The large grain proportion of the conductive substance of
cach of the A-1 to A-6 samples 1n Table 2 was greater than
or equal to 40%. As described above, the A-1 to A-6 samples
were capable of realizing good durability while suppressing
noise. The large grain proportion of the conductive sub-
stance of the B-4 sample 1n Table 3 was 39% (the occupancy
was 61%) which was less than that of each of the A-1 to A-6
samples. Before and after the durability test, the noise
intensities of the B-2 sample were higher than those of an
arbitrary sample of the A-1 to A-6 samples at the same
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frequency. Before and after the durability test, the difference
between the noise intensities of the B-2 sample were higher

than those of an arbitrary sample of the A-1 to A-6 samples
at the same frequency. the diflerence in noise intensity
between an arbitrary sample of the A-1 to A-6 samples and
the B-4 sample was greater than or equal to 9 dB.

The increased amounts of the noise 1ntensity of the B-4
sample induced by the durability test were 15 dB (at 30
MHz), 11 dB (at 100 MHz), 12 dB (at 300 Miz) and 13 dB
(at 500 MHz). The increased amounts of noise intensity of
an arbitrary sample of the A-1 to A-6 samples at 30 MHz,
300 MHz, and 500 MHz were less than the increased
amounts ol noise intensity of the B-4 sample at the same
frequency. The increased amount (11 dB) of noise intensity
of each of the A-3 and A-6 samples at 100 MHz was equal
to that of the B-4 sample. The increased amount of noise
intensity of an arbitrary sample of the A-1, the A-2, the A-4,
and the A-5 samples at 100 MHz was less than the increased
amount (11 dB) of noise intensity of the B-4 sample. As
such, the A-1 to A-6 samples with a relatively high large
grain proportion were capable of realizing good durabaility
compared to the B-4 sample with a relatively low large grain
proportion. The estimated reason for this 1s that when the
large grain proportion 1s high, the current path formed by the
conductive region 820 (refer to FIG. 5) 1s large compared to
when the large grain proportion 1s low.

The large grain proportion of the conductive substances of
the A-1 to A-6 samples realizing good durability while
suppressing noise were 40%, 45%, 51%, 55%, 77%, and
92%. An arbitrary value among these six values can be
adopted as the upper limit of a preferable range (range of a
lower limit or greater and an upper limit or less) of the large
grain proportion. An arbitrary value less than or equal to the
upper limit among these values can be adopted as the lower
limit. For example, a value 1n a range of 40% or greater and
92% or less can be adopted as the large grain proportion. It
1s estimated that even if the large grain proportion 1s a larger
value (for example, 100%), 1t 1s possible to suppress noise
by setting the occupancy of the conductive substance in the
alorementioned preferable range. Accordingly, 100% may
be adopted as the upper limit of the preferable range of the
large grain proportion. For example, an arbitrary value
greater than or equal to 40% can be adopted as the large
grain proportion.

An arbitrary method can be adopted as a method of
adjusting the large grain proportion. For example, 1t is
possible to increase the large grain proportion by increasing,
the particle size of the material powder of the conductive
substance. A binder may be added to and mixed with the
material powder of the conductive substance before the
material powder of the conductive substance 1s mixed with
other materials. Accordingly, a plurality of conductive mate-
rial grains are stuck together by the binder, thereby resulting
in formation of grain-like portions having a large diameter.
As a result, 1t 1s possible to increase the large grain propor-
tion.

F-4. Regarding Occupancy and Large Grain
Proportion of Conductive Substance, and Material
of Magnetic Substance Structure 2004

The following materials were used to manufacture the A-1
to A-6 samples realizing good durability while suppressing,
noise. A material selected from the following materials was
used as the conductive substance of the magnetic substance
structure 200d: carbon (C), carbon oxides (Cr,C, and TiC),

perovskite type oxides (Sr110,; and SrCrO,), and metal
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(titantum (11)). A matenial selected from the following
materials was used as the magnetic substance of the mag-

netic substance structure 2004: 1ron oxides (Fe,O;, Fe,O,,
and FeO), a spinel ferrite ((N1, Zn)Fe,0,), and hexagonal
territes (Bake,,O,, and SrFe,,O,,). The ceramic of the
magnetic substance structure 2004 contained at least one of
silicon (S1), boron (B), and phosphorous (P).

Typically, in many cases, when the type of a second
material 1s the same as that of a first material, the second
material has similar characteristics as those of the first
material. Accordingly, 1t 1s estimated that even 1if other
materials of the same type are used instead of the afore-
mentioned materials of the magnetic substance structure
2004, the atorementioned preferable ranges can be applied
to a prelferable range of the occupancy of the conductive
substance, and a preferable range of the large grain propor-
tion of the conductive substance. For example, 1t 1s esti-
mated that when the magnetic substance structure 2004 has
any one of the following properties Z1 to Z3, the preferable
range of the occupancy and the preferable range of the large
grain proportion can be applied.

[Properties Z1] The magnetic substance structure 2004
contains a conductive substance as a conductor.

[Properties Z2] The magnetic substance structure 2004
contains an 1ron-containing oxide as a magnetic substance.

[Properties Z3] The magnetic substance structure 2004
contains ceramic containing at least one of silicon (S1),
boron (B), and phosphorous (P).

The conductive substance contained 1n the magnetic sub-
stance structure 200d preferably contains at least one of
carbon, a carbon dioxide, a perovskite type oxide, and metal.
However, other conductive substances may be adopted.

F-5. Regarding Type of Perovskite Type Oxide

The A-7 to A-14 samples 1n Table 2 were samples using,
various perovskite type oxides as conductive substances.
Specifically, the conductive substances were LaMnQO,,
LaCrO,, LaCo0O;, LaFeO;NdMnO,, PrMnO,, YbMnOQO,,
and YMnO, 1n the order of the A-7 to A-14 samples. These
oxides are represented by general formula ABO,. A leading
element A (for example, “La” of LaMnO,) 1s an A-site
clement, and a subsequent element B ({or example, “Mn’ of
LaMnQO,) 1s a B-site element. When a cubic crystal has a
non-distorted crystal structure, a B site 1s a 6-coordinated
site, and 1s surrounded by an octahedron formed of oxygen.
An A site 1s a 12-coordinated site.

The occupancy of the conductive substance of each of the
A-7 to A-14 samples was 39% or greater and 64% or less.
The large grain proportion was greater than or equal to 40%.
The magnetic substances were (Ni,Zn)Fe.O,, NiFe,O,,
Fe,O;, (N1,Zn)Fe, O, (Mn /n)Fe,0,, Ba,Co,Fe,,O,,, (N1,
/n)Fe,0,, and CuFe,0, 1n the order of the sample numbers.
The ceramic of the magnetic substance structure 2004
contained at least one of Si, B, and P.

As 1llustrated 1n Table 2, before and after the durability
test, the noise intensities of the A-7 to A-14 samples were
lower than those of an arbitrary sample of the A-1 and A-6
samples at the same frequency. As such, 1t was possible to
further suppress noise by using perovskite type oxides as the
conductive substances of the A-7 to A-14 samples.

The increased amount of noise intensity of each of the A-7
to A-14 samples mnduced by the durability test was 6 dB or
7 dB. In contrast, the increased amounts of noise intensity of
the A-1 to A-6 samples induced by the durability test were
9 dB or greater and 11 dB or less, and were greater than
those of the A-7 to A-14 samples. As such, 1t was possible
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to improve the durability of the magnetic substance structure
2004 by using perovskite type oxides as the conductive

substances of the A-7 to A-14 samples. The estimated reason
tfor this 1s that the perovskite type oxides of the A-7 to A-14
samples have low electrical resistance and are stable.

The perovskite type oxides of the A-4 and A-5 samples
had the same A-site element (Sr), and different B-site
clements (‘11 and Cr). The A-4 and A-5 samples had a small
difference (less than or equal to 2 dB) in noise intensity at
the same frequency before the durabaility test, and also had
a small diflerence (less than or equal to 2 dB) in noise
intensity at the same frequency after the durability test. That
1s, the A-4 and A-5 samples having the same A-site element
were capable of realizing the same level of noise suppres-
sion capability and the same level of durability.

The A-7 to A-10 samples had the same A-site element
(La), and different B-site elements (Mn, Cr, Co, and Fe). The
A-7 to A-10 samples had a small difference (less than or
equal to 2 dB) in noise intensity at the same Ifrequency
before the durability test, and also had a small difference
(less than or equal to 2 dB) 1n noise intensity at the same
frequency after the durability test. That 1s, the A-7 to A-10
samples having the same A-site element were capable of
realizing the same level of noise suppression capability and
the same level of durability.

It 1s estimated that it 1s possible to realize the same level
ol noise suppression capability and the same level of dura-
bility by adopting a plurality of types of perovskite type
oxides which have the same A-site element 1n spite of having

different B-site elements. For example, the A-site element of
the A-7 to A-14 samples 1s selected from La, Nd, Pr, Yb, and

Y. It 1s estimated that when the conductive substance of the
magnetic substance structure 2004 contains a perovskite
type oxide, the A-site element of which 1s at least one of La,
Nd, Pr, Yb, and Y, similar to the A-7 to A-14 samples, 1t 1s
possible to suppress noise, and to realize good durability. An
oxide having a plurality of types of A-site elements may be
adopted as a perovskite type oxide. The conductive sub-
stance may contain a plurality of types of perovskite type
oxides.

When the material of the conductive substance of the
magnetic substance structure 2004 1s unknown, the A-site
clement of the perovskite type oxide contained in the
magnetic substance structure 2004 of the sample can be
specified as follows. For example, the crystal phase of the
perovskite type oxide may be specified, and the crystal
structure of the specified crystal phase and elements may be
specified by analyzing the magnetic substance structure
2004 using a micro X-ray diflraction method.

F-6. Regarding Type of Metal

The A-15 to A-23 samples 1n Table 2 were samples using
various metals (including alloys) as conductive substances.
Specifically, the conductive substances were Ag, Cu, N1, Sn,
Fe, Cr, Inconel, a sendust, and a permalloy 1n the order of the
A-15 to A-23 samples.

The occupancy of the conductive substance of each of the
A-15 to A-23 samples was 40% or greater and 65% or less.
The large grain proportion was greater than or equal to 44%.
The magnetic substances were CuFe,O,, BaFe, ,O,,,
SrFe, 0., NiFe,O,, (N1,Zn)Fe,O,, NiFe,O,,
Ba,Co,Fe,,0,,, Y, Fe.O,,, and (Mn, Zn)Fe,O, 1n the order
of the sample numbers. The ceramic of the magnetic sub-
stance structure 2004 contained at least one of Si1, B, and P.

As 1llustrated 1n Table 2, before and after the durability
test, the noise intensities of the A-15 to A-23 samples were
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lower than those of an arbitrary sample of the A-1 and A-6
samples at the same frequency. As such, 1t was possible to

further suppress noise by using metals as the conductive
substances of the A-15 to A-23 samples.

The increased amount of noise intensity of each of the
A-15 to A-23 samples induced by the durability test was 6
dB or 7 dB. In contrast, the increased amounts of noise
intensity of the A-1 to A-6 samples induced by the durability
test were 9 dB or greater and 11 dB or less, and were greater
than those of the A-15 to A-23 samples. As such, 1t was
possible to improve the durability of the magnetic substance
structure 2004 by using metals as the conductive substances
of the A-15 to A-23 samples. The estimated reason for this
1s that the metal of each of the A-15 to A-23 samples has
good oxidation resistance.

When metal 1s adopted as a conductive substance, at least
one of the metals used 1n the A-15 to A-23 samples 1is
preferably adopted. For example, a conductive substance
preferably contains at least one of Ag, Cu, N1, Sn, Fe, and
Cr. Metals contained 1n the conductive region 820 of the
magnetic substance structure 2004 can be specified by

EPMA analysis.

F-7. Regarding Porosity

The porosity of each of the A-1 to A-6 samples 1n Table
2 was 1n a range ol 5.3% or greater and 6.1% or less. As
described above, the A-1 to A-6 samples were capable of
suppressing noise, and realizing good durability. The poros-
ity of each of the A-7 to A-23 samples was in arange o1 5.1%
or greater and 6% or less. As described above, the A-7 to
A-23 samples were capable of further suppressing noise, and
realizing better durability.

The porosities of the A-24 and A-30 samples were lower
than those of the A-1 to A-23 samples. Specifically, the
porosity of each of the A-24 to A-30 samples was 1n a range

of 3.2% or greater and 5% or less. The conductive sub-
stances of the A-24 to A-30 samples were NdMnO,,

PrMnQO;, YbMnO,, YMnO,, Fe, Cr, and Inconel 1n the order
of the sample numbers. The occupancy of the conductive
substance was 46% or greater and 64% or less. The large
grain proportion was greater than or equal to 52%. The
magnetic substances were (Ni,Zn)Fe,O,, (Mn,Zn)Fe,O,,
Ba,CO,Fe,,0,,, (N1,Zn)Fe,0,, BaFe, ,O,,, SrFe,,0,,, and
NiFe,O, 1n the order of the sample numbers. The ceramic of
the magnetic substance structure 2004 contained at least one
of S1, B, and P.

As 1llustrated 1n Table 2, before and after the durability
test, the noise intensities of an arbitrary sample of the A-24
to A-30 samples were lower than those of an arbitrary
sample of the A-1 to A-23 samples at the same frequency. As
such, the A-24 to A-30 samples with relatively low porosi-
ties were capable of suppressing noise compared to the A-1
to A-6 samples and the A-7 to A-23 samples with relatively
high porosities. The estimated reason for this 1s that when
the porosity 1s low, the occurrence of partial discharge 1n the
pore 812 (refer to FIG. 5) 1s suppressed compared to when
the porosity 1s high.

The increased amounts of the noise intensity of the A-24
to A-30 samples induced by the durability test were 1n a
range ol 2 dB or greater and 4 dB or less. In contrast, the
increased amounts of noise intensity of the A-1 to A-6
samples were 9 dB or greater and 11 dB or less, and the
increased amount of noise intensity of each of the A-7 to
A-23 samples was 6 dB or 7 dB. As such, the A-24 to A-30
samples with a relatively low porosity were capable of
realizing good durability compared to the A-1 to A-6
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samples and the A-7 to A-23 samples with a relatively high
porosity. The estimated reason for this 1s that when the

porosity 1s low, the occurrence of partial discharge in the
pores 812 (refer to FIG. 5) 15 suppressed compared to when
the porosity 1s high. 5

The porosities of the A-1 to A-30 samples realizing good
durability while suppressing noise were 3.2%, 3.3%, 3.5%.,
3.8%, 4.3%, 4.4%, 5%, 5.1%, 5.2%, 5.3%, 5.4%, 5.5%,
5.6%, 5.7%, 5.8%, 6%, and 6.1%. An arbitrary value among,
these 17 values can be adopted as the upper limit of a 10
preferable range (range of a lower limit or greater and an
upper limit or less) of the porosity. An arbitrary value less
than or equal to the upper limit among these values can be
adopted as the lower limit. For example, a value in a range
of 3.2% or greater and 6.1% or less can be adopted as the 15
porosity.

As described above, the A-24 to A-30 samples were
capable of suppressing noise, and durability of the A-24 to
A-30 samples could be improved compared to the A-1 to
A-23 samples. The porosities of the A-24 to A-30 were 20
3.2%, 3.3%, 3.5%, 3.8%, 4.3%, 4.4% and 5%. When the
upper limit and the lower limit of a preferable range are
selected from these seven values, it 1s possible to further
improve noise suppression capability and durability. For
example, a value 1n a range 01 3.2% or greater and 5% or less 25
can be adopted as the porosity.

It 1s estimated that the noise suppression capability and
the durability become better as the porosity becomes lower.
Accordingly, 0% may be adopted as the lower limit of the
porosity. For example, preferably, the porosity 1s 0% or 30
greater and 6.1% or less, and more preferably, 1s 0% or
greater and 5% or less.

The noise suppression capability of the A-1 to A-6
samples 1s good compared to the capability of typical spark
plugs (for example, spark plug from which the magnetic 35
substance structure 2004 1s omitted). Accordingly, 1t 1s
estimated that even if the porosity 1s higher, it 1s possible to
realize practical noise suppression capability. As a result, it
1s estimated that a higher value (for example, 10%) can be
adopted as the upper limit of the porosity. 40

An arbitrary method can be adopted as a method of
adjusting the porosity. For example, when the firing tem-
perature (heating temperature of the msulator 104 accom-
modating the material of the connection portions 3004 1n the
through hole 12d) of the magnetic substance structure 200d 45
1s increased, the ceramic material of the magnetic substance
structure 2004 1s easily melted, and thus 1t 1s possible to
reduce the porosity. It 1s possible to block the pores 812, and
to reduce the porosity by increasing force which 1s applied
to the terminal metal fixture 404 when the terminal metal 350
fixture 404 1s inserted into the through hole 124. It 1s
possible to reduce the porosity by reducing the particle size

of the ceramic material of the magnetic substance structure
2004

55
F-8. Regarding Conductive Substance

The B-5 sample 1n Table 3 was a sample in which a
conductive substance was omitted from the magnetic sub-
stance structure 200d. The electromagnetic noise of the B-5 60
sample was too strong, and thus 1t was possible to measure
an exact value of the electromagnetic noise. The estimated
reason for this 1s that current 1s not capable of smoothly
flowing through the magnetic substance structure 2004, and
partial discharge occurs in the magnetic substance structure 65
2004. In contrast, the A-1 to A-30 were capable of suppress-
ing noise. As such, it was possible to suppress noise by
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making the magnetic substance structure 2004 containing
the conductive substance. It 1s estimated that conductive
substances capable of suppressing electromagnetic noise are
not limited to the conductive substances contained in the
samples 1n Table 2, and various types of conductive sub-
stances can be adopted. A conductive substance having good
oxidation resistance 1s preferably adopted so as to realize
good durability of the magnetic substance structure 2004. It
1s possible to suppress aging caused by heat generation
resulting from the flow of large current by adopting a
conductive substance with an electrical resistivity of 50 £2-m
or less.

F-9. Regarding Iron-containing Oxide

The B-3 sample 1n Table 3 was a sample 1n which an
iron-containing oxide (that 1s, a magnetic substance) was
omitted from the magnetic substance structure 200d. As
illustrated 1n Tables 2 and 3, noise intensities of the A-1 to
A-30 samples contaiming the iron-containing oxide were
lower than the noise intensity of the B-3 sample at the same
frequency. As such, 1t was possible to suppress noise by
making the magnetic substance structure 2004 containing
the 1ron-containing oxide. The reason for this 1s that elec-
tromagnetic noise 1s suppressed by the magnetic substance
disposed 1n the vicinity of the current path. Iron-containing
oxides containing at least one of FeO, Fe,O;, Fe,O,, Ni,
Mn, Cu, Sr, Ba, Zn, and Y can adopted as the 1ron-containing
oxides of the A-1 to A-30 samples. It 1s estimated that
iron-containing oxides capable of suppressing electromag-
netic noise are not limited to the iron-containing oxides
contained 1n the samples 1n Table 2, and various types of
iron-containing oxides (for example, various ferrites) can be
adopted.

F-10. Regarding Ceramic

The ceramic contained in the magnetic substance struc-
ture 2004 supports the conductive substance and the mag-
netic substance (iron-containing oxide). Various ceramics
can be adopted as the ceramic supporting the conductive
substance and the magnetic substance. For example, amor-
phous ceramic may be adopted. Glass containing one or
more components arbitranily selected from $10,, B,O;,
P,O., and the like can be adopted as the amorphous ceramic.
Instead, crystalline ceramic may be adopted. Crystallized
glass (also referred to as glass ceramic) such as [1,0—
Al,O,—S810, glass may be adopted as the crystalline
ceramic. In any case, it 1s estimated that 1t 1s possible to
realize proper noise suppression capability and proper dura-
bility by adopting a ceramic containing at least one of silicon
(S1), boron (B), and phosphorous (P) as with the A-1 to A-30

samples 1n Table 2.

E. Modification Example

(1) The matenial of the magnetic substances 210 and 2105
1s not limited to a MnZn ferrite, and various magnetic
materials can be adopted. For example, various ferromag-
netic materials can be adopted. The ferromagnetic material
1s a material which 1s spontancously magnetized. Various
materials, for example, materials containing iron oxides
such as ferrites (including a spinel type ferrite), and an iron
alloy such as alnico (Al-—N1—Co) can be adopted as the
ferromagnetic materials. It 1s possible to appropriately sup-
press electromagnetic noise by adopting the ferromagnetic
material. The material of the magnetic substances 210 and
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2106 1s not limited to the ferromagnetic materials, and a
paramagnetic material may be adopted. It 1s also possible to
suppress electromagnetic noise in this case.

(2) The configuration of the magnetic substance structure
1s not limited to the configurations 1llustrated 1n FIGS. 1 and
2, and various configurations including a magnetic sub-
stance and a conductor can be adopted. For example, a
coil-shaped conductor may be embedded 1n a magnetic
substance. Typically, a configuration, in which the conductor
1s connected 1n parallel with at least a part of the magnetic
substance on the conductive path connecting the end of the
magnetic substance structure on the leading end direction
D1 side to the end of the magnetic substance structure on the
rear end direction D2 side, 1s preferably adopted. When such
a configuration 1s adopted, the magnetic substance 1s capable
ol suppressing electromagnetic noise. Since the conductor 1s
capable of reducing the end-to-end resistance of the mag-
netic substance structure, it 1s possible to suppress an
increase in the temperature of the magnetic substance struc-
ture. As a result, 1t 1s possible to suppress the occurrence of
damage to the magnetic substance structure.

As 1llustrated 1in FIGS. 4 and 5, the magnetic substance
structure may be configured to adopt a member 1n which a
conductive substance (conductor), a magnetic substance,
and a ceramic are mixed together. The conductive substance
may contain a plurality of types of conductive substances
(for example, both of metal and a perovskite type oxide).
The magnetic substance may contain a plurality of types of
iron-containing oxides (for example, both of Fe,O; and a
hexagonal ferrite (Bake,,O,,)). The ceramic may contain a
plurality of types of components (for example, both of S10,
and B,O,). In any case, a combination of the conductive
substance, an iron-containing oxide as the magnetic sub-
stance, and the ceramic 1s not limited to the combinations of
those materials 1n the samples in Tables 2 and 3, and other
various combinations can be adopted. In any case, the
composition of the conductive substance and the composi-
tion of the 1ron-containing oxide can be specified by various
methods. For example, the compositions may be specified
by a micro X-ray diffraction method.

(3) Instead of the method by which the materials of the
magnetic substance structure 2004 are disposed and fired in
the through hole 12d of the insulator 104, other arbitrary
methods can be adopted to manufacture the magnetic sub-
stance structure 2004 illustrated in FIGS. 4 and 5. For
example, the materials of the magnetic substance structure
2004 may be molded into a tubular shape using a molding
die, and the molded body may be fired to produce a fired
magnetic substance structure 2004 having a tubular shape.
The fired magnetic substance structure 2004 may be inserted
into the through hole 124 instead of inserting the material
powders of the magnetic substance structure 2004 when the
through hole 124 of the insulator 104 1s filled with the
material powders of other members 60d, 704, 75d, and 80d.
It 1s possible to form the conductive sealing portions 60d,
75d, and 80d, and the resistor 704 by inserting the terminal
metal fixture 404 into the through hole 124 through the rear
opening 14 with the insulator 104 heated.

(4) The configuration of the magnetic substance structure
1s not limited to the configurations illustrated 1in FIGS. 1, 2,
4, and 5, and other various configurations can be adopted.
For example, the configurations of the magnetic substance
structure 2004 1llustrated 1n FIGS. 4 and 5 may be applied
to the magnetic substance structures 200 and 20056 1n FIGS.
1 and 2. For example, members with the same configuration
as those of the magnetic substance structures 2004 1llus-
trated i FIGS. 4 and 5 may be adopted as the magnetic
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substances 210 and 2106 1n FIGS. 1 and 2. The configura-
tions of the spark plugs 100 and 1005 1llustrated 1n FIGS. 1

and 2 may be applied to the spark plug 1004 1llustrated 1n
FIGS. 4 and 5. For example, the outer circumierential
surface of the magnetic substance structure 2005 illustrated
in FIG. 4 may be covered with a similar covering portion as
the covering portions 290 and 29056 1n FIGS. 1 and 2. The
magnetic substance structure 2004 may be formed 1n such a
way that the end-to-end resistance of the magnetic substance
structure 2004 1s in the aforementioned preferable range of
the end-to-end resistance of the magnetic substance struc-
tures 200 and 2006 (for example, 1s 1n a range of 0 k€2 or
greater and 3 k€2 or less, or 1n a range of 0 k€2 or greater and
1 k&2 or less). However, the end-to-end resistance of the
magnetic substance structure 2004 may be out of the afore-
mentioned preferable range. At least one of the resistors 70
and 70d, and the sealing portions 60, 60d, 75, 75b, 75d, 80,
805, and 804 may contain crystalline ceramic. The magnetic
substance structure 2004 may be disposed closer to the
leading end direction D1 side than the resistor 70d.

(5) The configuration of the spark plug i1s not limited to
the configurations illustrated from FIGS. 1 and 2, Table 1,
FIGS. 4 and 5, and Tables 2 and 3, and various configura-
tions can be adopted. For example, a noble metal tip may be
provided 1n a portion of the center electrode 20 in which the
gap g 1s formed. A noble metal tip may be provided 1n a
portion of the ground electrode 30 in which the gap g 1s
formed. An alloy containing noble metal such as iridium or
platinum can be adopted as the material of the noble metal
t1p.

In the embodiments, the leading end portion 31 of the

ground electrode 30 faces the leading end surface 20s1
(surface facing the leading end direction D1 side of the
center electrode 20) to form the gap g. Instead, the leading
end portion of the ground electrode 30 may face the outer
circumierential surface of the center electrode 20 to form a
gap.
The present mvention has been described based on the
embodiments and the modification examples; however, the
embodiments of the invention are given to help easy under-
standing of the present invention, and do not limit the
present invention. The present invention can be modified
and improved insofar as the modification and the improve-
ments do not depart from the purport and the claims of the
present mvention.

INDUSTRIAL APPLICABILITY

This disclosure can be suitably used 1n a spark plug of an
internal combustion engine or the like.

REFERENCE SIGNS LIST

5. gasket

6: first rear end-side packing

7. second rear end-side packing

8: front end-side packing

9: talc

10, 10c, 10d: insulator (ceramic 1nsulator)
10;: mner circumierential surface

11: second reduced outer diameter portion
12, 12¢, 12d: through hole (axial hole)
13: nose portion

14: rear opening

15: first reduced outer diameter portion
16: reduced mnner diameter portion

17: leading end side trunk portion
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18: rear end-side trunk portion
19: flanged portion

20: center electrode

20s51: leading end surface
21: electrode base member
22: core member

23: head portion

24: flanged portion

25: nose portion

30: ground electrode

31: leading end portion
35: base member

36: core

40, 40c¢, 40d: terminal metal fixture
41: cap 1installation portion

42: flanged portion

43, 43¢, 43d: nose portion

50: metal shell

51: tool engagement portion

52: screw portion

53: crimped portion

54: seat portion

55: trunk portion

56: reduced mmner diameter portion
58: deformed portion

59: through hole
60, 60d: first conductive sealing portion

70, 70d: resistor

75, T5b, T5¢, 75d: second conductive sealing portion
80, 805, 80d: third conductive sealing portion
100, 10056, 100c, 1004: spark plug

200, 2005, 200d: magnetic substance structure
210, 2105: magnetic substance

220, 2205: conductor

290, 2905): covering portion

300, 3005, 300c, 300d: connection portion
800: target region

810: ceramic region

812: pore

812a, 812b: protruding portion

820: conductive region

8235: conductive grain region

g gap

CL: center axis (axial line)

Having described the invention, the following 1s claimed:
1. A spark plug comprising:
an insulator having a through hole extending in a direction
of an axial line;:
a center electrode, at least a part of which 1s 1nserted 1nto
a leading end side of the through hole;
a terminal metal fixture, at least a part of which 1s mserted
into a rear end side of the through hole; and
a connection portion connecting the center electrode and
the terminal metal fixture together in the through hole,
wherein the connection portion includes:
a resistor; and
a magnetic substance structure including a magnetic
substance and a conductor and being disposed on a
leading end side or a rear end side of the resistor
while being positioned away from the resistor,
wherein, among the resistor and the magnetic substance
structure, when a member disposed on a leading end
side 1s defined as a first member and a member disposed
on a rear end side 1s defined as a second member, the
connection portion further includes:
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a first conductive sealing portion that 1s disposed on a
leading end side of the first member and 1s 1n contact
with the first member;

a second conductive sealing portion that 1s disposed
between the first member and the second member
and 1s 1n contact with the first member and the
second member; and

a third conductive sealing portion that 1s disposed on a
rear end side of the second member and 1s 1n contact
with the second member,

wherein the magnetic substance structure contains:

(1) a conductive substance as the conductor;

(2) an 1ron-containing oxide as the magnetic substance;
and

(3) a ceramic containing at least one of silicon (S1),
boron (B), and phosphorous (P), and

wherein, 1 a cross-section of the magnetic substance
structure including the axial line, when a target region
1s defined as a rectangular region having the axial line
as a center line, a side of 1.5 mm 1n a direction
perpendicular to the axial line, and a side of 2.0 mm 1n
the direction of the axial line,

a region of the conductive substance includes a plural-
ity of grain-shaped regions 1n the target region,

a proportion of a number of grain-shaped regions
having a maximum grain size of 200 um or greater
among the plurality of grain-shaped regions 1s 40%
or more, and

a proportion of an area of the region of the conductive
substance 1s 35% or greater and 65% or less 1n the
target region.

2. The spark plug according to claim 1,

wherein an electrical resistance between a leading end and
a rear end of the magnetic substance structure 1s less
than or equal to 3 k&2.

3. The spark plug according to claim 2,

wherein the electrical resistance between the leading end
and the rear end of the magnetic substance structure 1s
less than or equal to 1 k€2.

4. The spark plug according to claim 1,

wherein the conductor includes a conductive portion
penetrating through the magnetic substance i1n the
direction of the axial line.

5. The spark plug according to claim 1,

wherein the magnetic substance structure 1s disposed on
the rear end side of the resistor.

6. The spark plug according to claim 1,

wherein the connection portion further includes a cover-
ing portion that covers at least a part of an outer surface
of the magnetic substance structure while being inter-
posed between the magnetic substance structure and the
insulator.

7. The spark plug according to claim 1,

wherein the magnetic substance 1s made of a ferromag-
netic material containing an 1ron oxide.

8. The spark plug according to claim 7,

wherein the ferromagnetic material 1s a spinel type ferrite.

9. The spark plug according to claim 1,

wherein the magnetic substance 1s a Ni1Zn ferrite or a
MnZn ferrite.

10. The spark plug according to claim 1,

wherein the conductive substance contains a perovskite
type oxide which 1s represented by general formula
ABO; and an A site 1n the general formula 1s at least

one of La, Nd, Pr, Yb, and Y.
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11. The spark plug according to claim 1,
wherein the conductive substance contains at least one

metal of Ag, Cu, N1, Sn, Fe, and Cr.

12. The spark plug according to claim 1,
wherein, 1n the target region in the cross-section of the 5

magnetic substance structure, a porosity of a remainder
of the target region other than the region of the con-

ductive substance 1s less than or equal to 5%.
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